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ABSTRACT
In recent years, the assessment of landslide hazards has become a topic of major interest
for both geoscientists and engineering professionals as well as for local communities and
the administrations in many parts of the world. To satisfy the increasingly urgent demand
for protection against landslides, it is necessary to assess landslide hazard. After defining
landslide hazard, attention concentrates on rainfall as a trigger of landsliding. The main
physical factors bearing on rainfall-induced landslides are outlined. A method is proposed
by which landslide hazard can be systematically assessed within a deterministic
framework. This involves combining a slope stability model with a hydrological model to
define a rainfall-induced landslide initiation threshold for a particular slope as a function
of its physical properties. When used in conjunction with the local rainfall intensity
distribution, the spatial and temporal components of landslide hazard can be quantitatively
assessed.
An important result of this study is that landsliding in slopes with relatively shallow
bedrock depth typically occur along the soil-bedrock interface as a result of a rising water
table whereas landsliding in slopes with great bedrock depths can occur either at relatively
shallow depths due to the infiltrating rainwater, or at greater depths along the soil-bedrock
interface due to a rise in the water table.
Thesis Supervisor: Herbert H. Einstein
Title: Professor of Civil and Environmental Engineering
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CHAPTER 1
INTRODUCTION
In recent years, the assessment of landslide hazards has become a topic of major interest
for both geoscientists and engineering professionals as well as for local communities and
the administrations in many parts of the world. The reasons for this are twofold; firstly, an
increasing awareness of the socio-economic significance of landslides, and secondly the
increased pressure of development and urbanization on the environment. To satisfy the
increasingly urgent demand for protection against landslides, it is necessary to predict
landslide hazard. Assigning a value to landslide hazard of a slope is a difficult task since
many factors of both time-independent and time-dependent nature influence slope stability
and the effect of each factor can vary significantly from slope to slope. In addition, many
factors cannot be easily or accurately measured.
1.1 LANDSLIDE PHENOMENA
Landslides occur as a result of shearing stresses exceeding the shearing resistance on an
internal slip or failure surface. The failure surface can be curved, planar or irregular in
configuration depending on the geologic conditions of the slope. The phenomena can be
described by three characteristics:
a. Landslide Type
Landslide type refers to the geometric form of movement of the slope material whether it
be by sliding, falling or flowing. The slope mass can move as an intact block of material,
broken blocks or as a viscous liquid.
b. Landslide Trigger
Landslides can have several causes, but only one trigger (Varnes, 1978). By definition, a
trigger is an external stimulus such as intense rainfall, earthquake shaking, volcanic
eruption, storm waves, or rapid stream erosion that causes a near immediate response in
the form of a landslide by rapidly increasing the stresses or by reducing the strength of
slope material. In some cases, a landslide may occur without an apparent attributable
trigger because of a variety or combination of causes, such as chemical or physical
13
weathering of materials that gradually bring the slope to failure. The requisite short time
frame of cause and effect is the critical element in the identification of a landslide trigger.
c. Failure Mechanism
The landslide failure mechanism describes the physical process through which the slope
fails. It describes the process by which equilibrium between the shearing stresses and the
shearing resistance becomes disrupted.
For a more detailed explanation of landslide phenomena, reference is made to Cruden &
Varmes (1996), Vames (1978) and Terzaghi (1950).
1.2 DEFINITIONS
Landslides, like other events such as floods, earthquakes and avalanches, are natural
phenomena, which are often difficult to predict, because they are uncertain, and which
have potentially detrimental consequences.
The expressions 'danger', 'hazard' and 'risk' will be used to characterize phenomena,
uncertainty and consequences (Einstein, 1988):
Danger: The natural phenomenon, in this case a landslide, is geometrically and
mechanically characterized. This essentially corresponds to descriptions or classifications
such as those by Varnes (1978), UNESCO (1993), Transportation Research Board (1996),
but includes an association with a particular location. The characterization of danger does
however not include any forecasting.
Hazard: The limited predictability of danger, in other words, its uncertainty can be dealt
with by formally assessing probabilities to a particular phenomenon. Thus:
Hazard = probability that a particular danger occurs within a given period of time
Following these definitions, landslide hazard has two components namely a spatial hazard
and a temporal hazard correspondingly giving rise to a spatial and temporal probability.
Susceptibility: Landslide susceptibility as used in many mapping procedures (Brabb et
al., 1972) corresponds to landslide hazard by equating spatial probabilities with temporal
probabilities.
Risk: Since the same hazard can lead to entirely different consequences depending on the
use of the affected terrain the term risk is introduced here as:
14
Risk = hazard x potential worth of loss
Loss can involve loss of life and injuries, capital loss or non-monetary environmental
effects. The above used definition 'hazard x worth of loss' or otherwise expressed,
'probability of an event x consequences if the event occurs' is that of statistical decision
theory.
1.3 HAZARD ASSESSMENT
As a basis for landslide hazard assessment four fundamental assumptions are generally
made (Varnes, 1984; Hutchinson, 1995):
a. Landslides will always occur in the same geological, geomorphological,
hydrogeological and climatic conditions as in the past
b. The main conditions that cause landsliding are controlled by identifiable physical
factors
c. The level of hazard can be evaluated
d. All types of slope failures can be identified and classified
For a complete hazard assessment, the questions of both when the landslides will occur
and the frequency with which they will occur in time must be addressed. Available
methods for estimating landslide hazard range from purely empirical estimates to formal
reliability analyses. The particular chosen method for hazard assessment is affected by
various factors including:
a. The purpose of the assessment
b. The extent of the studied area
c. Data availability
Data availability is directly related to the extent of the examined area, and therefore to the
possibility of collecting useful data for the assessment through an appropriate cost-benefit
analysis. For large areas, hazard assessment can be based on the analysis and
interpretation of available data while for smaller areas the assessment of hazard could be
facilitated by specific geotechnical investigations including observational procedures
requiring monitoring devices such as inclinometers and piezometers. It is therefore
important to have a clear idea of the aims of the hazard assessment.
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There are essential prerequisites to the development or application of any methods of
hazard assessment. These include understanding of geology, hydrogeology and
geomorphology from available maps, reports and field surveys, preliminary geological
and geotechnical investigations, access to historical information on landsliding rainfall
records. In developing a method of landslide hazard assessment it is of fundamental
importance to identify the causes of potential instability and landslides.
In this study, attention is focused on intense rainfall as the triggering event for landsliding.
Storms that produce intense rainfall for periods as short as several hours or have a more
moderate intensity lasting several days have triggered abundant landslides in many regions
of the world. Well-documented studies have revealed a close relationship between rainfall
intensity and activation of landslides from various parts of the world. For the assessment
of rainfall-triggered landslide hazard, the concept of hydrological landslide-triggering
thresholds has been developed.
The aim of this study is to assess landslide hazard within a deterministic framework. This
type of approach involves analyzing specific slopes in engineering terms. Deterministic
models are based on physical laws of conservation of mass, energy or momentum.
Hydrological models are used to calculate the spatial distribution of pore pressures
resulting from a rainfall event. Most of the hydrological models that have been used in
landslide hazard analyses are one-dimensional models that assume vertical infiltration.
Slope stability models are then used to calculate the safety factor in a slope as a function
of the pore pressure distribution and the slope's physical properties. The most frequently
adopted slope stability model in landslide hazard assessment is the infinite slope stability
model (Skempton & DeLory, 1957), with the justification that rainfall-induced landslides
are typically shallow translational landslides. Combining the hydrological model with the
stability model allows for the definition of a rainfall-induced landslide triggering threshold
for the slope. When used in conjunction with the local rainfall intensity distribution of the
local rainfall records, it is then possible to determine both the spatial and temporal hazards
of landsliding for the slope. The study is arranged as follows:
Chapter 2 briefly discusses some empirically established rainfall-triggering thresholds for
various parts of the world and lists some of the limitations of this approach which still
plays an important role in landslide prediction.
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Chapter 3 establishes the initial steady state seepage and pore pressure conditions that
prevail in the subsurface of the slope prior to any rainfall event.
Chapter 4 describes the hydrologic response of a slope to a rainfall event and distinguishes
between two cases by which a slope may reach saturation depending on the intensity of
the rainfall event in relation to the hydraulic conductivity of the surface soil. It also
introduces the widely used, one-dimensional Green & Ampt (1911) infiltration model that
is later used for numerical analyses performed on a hypothetical slope.
Chapter 5 briefly describes the infinite slope stability model (Skempton & DeLory, 1957)
that is later used to assess the spatial hazard of landsliding throughout Chapter 6.
Chapter 6 describes the different mechanisms by which landsliding may take place that are
associated with the way in which a slope may reach saturation as discussed in Chapter 4.
The conventional factor of safety for an infinite slope is used to determine the spatial
hazard. The different mechanisms are then illustrated through numerical analyses
performed on two hypothetical slopes.
In Chapter 7, a method is outlined to establish a rainfall-induced landslide initiation
threshold for a particular slope by combining the Green & Ampt (1911) infiltration model
with the infinite slope stability model. From this, both the spatial and temporal hazard of
landsliding can be evaluated. This is applied to an example with a hypothetical slope.
Chapter 8 discusses some of the limitations of a deterministic approach and briefly
describes how to more formally assess landslide hazard within a probabilistic framework.
It is then followed by conclusions and recommendations in Chapter 9.
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CHAPTER 2
EMPIRICAL APPROACH TO HAZARD ASSESSMENT
When continuous rainfall records are available, empirical correlations between rainfall
intensity and duration and historical landslide occurrence can and have been established.
Since the 1970's, for many parts of the world, empirical thresholds relating rainfall
intensity and duration to landsliding have been developed on the basis of the statistical
fitting of data on observed landslide-inducing rainfall events. There are many such
empirical thresholds that have been published in the literature for various parts of the
world. The majority of these published thresholds for landslide initiation report a power-
law relation in the form of:
(2.1)I =aD-b
where:
I is the mean rainfall intensity (mm/h)
D is the mean corresponding rainfall duration (h)
a and b are empirically fitted coefficients.
This is schematically illustrated in Figure 2.1:
a
Rainfall characteristics
observed to trigger
landsliding
Rainfal characteristics
that failed to trigger
landsliding
Duation (i)
Figure 2.1 Schematic representation of typical rainfall-induced landslide initiation threshold
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RAINFALL INTENSITY-DURATION THRESHOLDS
One of the first thorough studies of rainfall characteristics was performed by Jennings
(1950) who collected and published worldwide data from historical records of rainfall
characteristics and established an upper bound for the maximum possible global
intensities of rainfall, as a function of their relative durations. Jennings (1950) reported
the threshold in Equation (2.2):
I = 388D-0 14  (2.2)
RAINFALL-INDUCED LANDSLIDE INITIATION THRESHOLDS
There are a great number of factors that influence rainfall-induced landslides within a
particular region, which include the local topography, geology, hydrogeology and
geomorphology amongst many other site-specific factors. Even within the same site,
rainfall-induced landslides have been observed to be initiated by a variety of rainfall
events having widely varying intensity-duration characteristics. The empirical approach
to establishing rainfall intensity-duration thresholds treats all these complicating factors
as a 'black box'. As a consequence, no detailed knowledge on local conditions is
required, and thresholds are derived solely from historical information relating rainfall to
landsliding. When using such an empirical approach, it is therefore assumed that:
a. Landslides will always occur under the same geological, geomorphological,
hydrogeological conditions as in the past.
b. Rainfall events that have been known to trigger landslides in the past will trigger
landslides in the future.
Caine (1980) performed a comprehensive review of previously published worldwide data
on rainfall-induced landslides and plotted intensity-duration combinations known to have
caused landslides. Through this he established a threshold below which few landslides
had been observed, as in Equation (2.3):
I = 14.82D -0 .39 (2.3)
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Both thresholds reported by Jennings (1950) for maximum rainfall intensities, and Caine
(1980) for rainfall-triggering characteristics, in Equations (2.2) and (2.3) are shown in
Figure 2.2.
+ Data Points
Caine (1980)
-- -- Jennings (1950)
* *
S
*j. .* a..
0.1 10
Duration (h)
I=388D0.
5 14
I = 14.82 D~- 9 *
100 1000 10000
Figure 2.2 Worldwide published rainfall characteristics that have been observed to cause landslides
All the events studied by Caine (1980) lie below the maximum threshold proposed by
Jennings (1950). However, there have been a few rainfall events observed to trigger
landsliding that lie below the lower bound proposed by Caine (1980). This shows that the
rainfall threshold proposed by Caine (1980) is not an absolute lower bound below which
no rainstorm events are capable of triggering landsliding, rather a statistical fit through
historical data.
Following the work of Caine (1980), several attempts were made to establish empirical
rainfall intensity-duration thresholds for many parts of the world.
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2.1 EXAMPLES OF PUBLISHED RAINFALL-INDUCED LANDSLIDE
THRESHOLDS
Cannon & Ellen (1985) established a rainfall intensity-duration threshold for the San
Francisco Bay area in California and proposed the relationship in Equation (2.4):
I = 1.15D-0 4  (2.4)
Cannon & Ellen (1985) then integrated the influence of mean annual precipitation (MAP)
on the intensity-duration characteristics that caused abundant landsliding. By dividing the
historical rainfall data into two groups, thus dividing the region into two areas
corresponding to high (high MAP) and low (low MAP) mean annual precipitation,
Cannon & Ellen (1985) developed two separate lower bound rainfall intensity-duration
thresholds based primarily on failure distributions and rainfall records from several large
historical storms and in particular the January 1982 storm. Cannon & Ellen (1985)
reported:
For low mean annual precipitation (low MAP):
I = 0.6D 075  (2.5)
For high mean annual precipitation (high MAP):
I = 1.25D~0 .65  (2.6)
Wieczorek (1987) developed a rainfall intensity-duration threshold for landslide initiation
in the La Honda area, in California, based on historical records collected over a period of
9 years. Between 1975 to 1984, a total of 110 landslides were observed within the 10 km2
study area following 11 rainfall events. Wieczorek (1987) reported a threshold separating
rainfall events that triggered at least one landslide in the area from events that failed to
trigger any landslides:
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D(h)= ( .7mm (2.7)(I -1.7mm/h)
Cancelli & Nova (1985) performed a study in the Central Alps of Northern Italy and
incorporated observed landslides caused by the May 1983 with other available historical
data in the region. Cancelli & Nova (1985) proposed a threshold for the Alpine region:
I = 1.65D-0 . 8  (2.8)
After acquiring new data from field observations, Cancelli & Nova (1985) updated the
1985 threshold in 1991 and proposed:
I = 0.938D-' ' (2.9)
Larsen & Simon (1992), performed their study on 263 rainstorms that occurred between
1959 and 1991, in the central mountains of Puerto Rico, where the mean annual rainfall
generally exceeds 2 000 mm. They reported a lower bound threshold to landslide
triggering rainstorms:
I = 91.46D -0 .8 2  (2.10)
Larsen & Simon (1992) compared the Puerto Rico threshold (Equation (2.10)) with
landsliding and rainfall intensity-duration data from other humid-tropical regions and
suggested that the threshold in Equation (2.10) could be used in other tropical
environments with comparable topographic and climatologic characteristics.
The thresholds in Equations (2.4) through (2.10) are but a few of a long list of empirically
derived thresholds that have been published in the literature. The reasons for selecting the
these thresholds are twofold:
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a. They allow one to compare thresholds for various parts of the world under
different geological and climatic conditions
b. They allow one to compare the published thresholds for regions with similar
settings
These empirical thresholds have been plotted in Figure 2.3.
10 Duration (h)
Caine (1980)
- - -- Cannon & Ellen (1985)
Cannon and Ellen (Low MAP, 1985)
Cannon and Ellen (High MAP, 1985)
Wiezoreck (1987)
Cancelli & Nova (1985)
Canelli and Nova (Modified, 1991)
Larsen & Simon (1992)
15 20 25
Figure 2.3 Selected published empirical rainfall intensity-duration thresholds for landslide initiation for various
parts of the world
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Figure 2.3 illustrates the wide range of proposed rainfall-triggered landslide initiation
thresholds. Significant differences exist between the various thresholds in Figure 2.3.
These differences can be in part, explained by the fact that these thresholds are based on
datasets from areas with different geological, geomorphological, and climatological
settings.
Even if one compares empirical thresholds developed for the same region, significant
differences can be observed. Figure 2.4 shows four different empirically derived
thresholds for the California area.
250 5 10 Duration (b) 15 20
Figure 2.4 Various empirical thresholds developed for the California region
If a rainfall event of 5 hour duration is selected, then the required intensity to initiate
landsliding ranges from about 3 to 18 mm/h. On the other hand, if a rainfall event of
intensity say 15 mm/h takes place, then the predicted duration of the event required to
initiate landsliding ranges from about 2 to 7 hours. It is also interesting to note in Figure
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2.4 that both thresholds for high and low mean annual precipitation proposed by Cannon
and Ellen (1985) lie below the worldwide lower bound proposed by Caine (1980).
2.2 LIMITATIONS OF AN EMPIRICAL APPROACH
Considering the preceding, some limitations of an empirical approach to establishing
rainfall-triggered landslide thresholds include:
a. Size of the study area
There is a great range in the size of the area for which empirical records have been
derived and published in the literature. Each investigator chooses the scope of his study
area. Although to some extent restricted by the historical database available at hand,
thresholds have been published for areas ranging from several square kilometers e.g.
Wieczorek (1987) for the La Honda, California region to worldwide e.g. Caine (1980).
The applicability of a threshold in a small area within a larger area for which the
threshold has been derived is questionable and vice versa.
b. Statistical fit
Once a historical database is available, a statistical lower bound is fit through the data
points to establish a threshold. This can be done in many ways ranging from a 'by eye
inspection' of the data to the use of more sophisticated statistical regression tools, the
latter often supplemented by judgment. This introduction of subjectivity is a possible
explanation for the difference in thresholds derived for the same region (Figure 2.4).
c. Definition of lower bound
There is no common agreement amongst researchers on the definition of a rainfall-
induced landslide triggering threshold.
The majority of thresholds delineate a lower bound to the occurrence of one or more
landslides e.g. Wieczorek (1987). However, some thresholds e.g. Cannon & Ellen (1985),
set combinations of rainfall intensity and duration above which 'abundant' landslides
occur. How to interpret different empirical thresholds becomes difficult.
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d. Characterizing a rainfall event
Definitions of rainfall intensity and duration used in establishing empirical thresholds
differ amongst researchers. Some researchers use the peak intensity of a rainfall event to
describe its intensity, others use the mean intensity and some researchers have tried to
model the intensity of an event mathematically as a function of time. Moreover, a single
rainstorm may be represented by any of a number of possible combinations of rainfall
intensities and durations. This leads to uncertainty about which combinations are most
likely to trigger landslides.
e. Site-specificity
Even within the same region, significant differences exist between various published
empirical thresholds (see Figure (2.4)). The variability of intensity-duration thresholds
indicates that the thresholds are strongly influenced by site-specific conditions, and
generalizations to wider regions or other parts of the world are likely to be tenuous at
best. Site-specific differences in intensity-duration thresholds can be attributed to
differences in the particular slope properties as well as to antecedent soil moisture
conditions.
f. Historical records and database
Empirical thresholds are derived entirely from historical records and regional or national
landslide inventories, under the assumption that they are complete. However, there is a
general lack of complete reliable historical databases concerning the frequency of
landslides, which introduces significant errors in empirical thresholds.
2.3 ADVANTAGES OF AN EMPIRICAL APPROACH
Having discussed some limitations of an empirical approach to establishing rainfall-
induced landslide initiation thresholds, there are some advantages to this approach which
include:
a. If a historical landslide inventory and local rainfall records are readily available,
performing a statistical regression on the data is easy and quick to perform.
Moreover, no expert knowledge and experience in the area is necessary.
26
b. Establishing empirical thresholds may involve a certain degree of subjectivity on
the part of the investigator, which enables the investigator to incorporate past
experience and judgment into the analyses.
c. Empirical thresholds are useful as an estimate of the hydrologic conditions that
have led and can lead to future landsliding in the area of interest.
d. Once the required dataset is available, the cost of establishing empirical
thresholds is negligible.
e. If the region for which a threshold is to be derived is of relatively low social and
economic significance, then the landslide risk, as defined in Section 2.1 is low.
For example, the consequences of landsliding may only be in the form of physical
devastation to the terrain, in which case the social and economic damage caused
by landsliding may be of little relative concern. A detailed study of such a region
may not be worthwhile on the basis of a cost benefit analysis and empirical
thresholds may prove sufficient.
f. Empirical thresholds can be derived for relatively large regions with similar
geotechnical and climatological settings. This is evidently desirable in many cases
where obtaining detailed information may be too expensive, or simply impossible
in remote areas.
Some published empirical thresholds can and have been used in real-time landslide
warning systems in regions where large databases on landslide occurrence exist. An
example is the San Francisco Bay area, in California (Keefer et al., 1987). Between 1985
and 1995, the U.S. Geological Survey, in cooperation with the U.S. National Weather
Service, (NWS), developed and operated a real-time warning system that was used to
issue the first public regional landslide warning in the United States during storms during
1986 in the San Francisco Bay region, California (Keefer et al., 1987). Using real-time
monitoring of rainfall in conjunction with precipitation forecasts, warnings were
communicated to the public through local radio and television advisories issued by the
NWS when rainfall thresholds were approached. Although demonstrated to be useful, the
technology required for real-time monitoring systems is of limited use as an early
warning system, unless there is sufficient time for response.
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In summary, empirical thresholds are derived by a fit through collected historical field
observations of rainfall events known to have initiated landsliding and have no significant
physical or geotechnical basis. No consideration is given to site-specific conditions in
terms of geotechnical soil properties, geomorphology, hydrogeology and other physical
factors and environmental conditions that bear on rainfall-induced landslides. These
reasons are the motivation for this study, which systematically assesses landslide hazard
within a deterministic framework.
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CHAPTER 3
STEADY STATE CONDITIONS IN THE SUBSURFACE
Initially, prior to a rainfall event, equilibrium conditions exist in the subsurface of the
slope. The slope may be completely dry, or more usually may be partly saturated. The
location of the water table will depend on the hydrological boundary conditions in the
vicinity such as rivers, streams and lakes, as well as the local topography, among other
factors (Figure 3.1). Typically, the water table would approximately follow the
topographic surface of the slope (Figure 3.1). The subsurface flow regime would depend
on the location of the water table and the pore pressures in the slope would depend on the
flow regime.
Figure 3.1 Schematic of equilibrium conditions in slope prior to a rainfall event
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3.1 STEADY STATE SEEPAGE CONDITIONS
The analysis of fluid flow requires laws to relate the flow rate to a driving potential using
appropriate coefficients. The driving potential that causes fluid flow is the difference in
the total potential energy per unit mass of fluid at different locations within the fluid.
There are three primary components of the total potential energy at any point in a fluid:
a. Gravitational elevation potential energy above an arbitrary datum, E9
b. Pressure potential energy E,
c. Kinetic or velocity potential energy E,
The total potential energy at a point is the sum of all three components:
E=E +E, +E (3.1)
The energy at a point is computed relative to a datum. The datum can be chosen
arbitrarily because it is the gradient in the energy between two points which is of
importance in describing flow. Consider Point A in the water phase and an arbitrarily set
datum as shown in Figure 3.2.
Elevation= z
A Pressure = uw
Velocity = vw
z
Arbitrary Datum
Elevation 0
Pressure =0
Velocity =0
Figure 3.2 Energy at Point A in the z-direction relative to an arbitrary datum
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The gravitational potential energy at Point A is:
where:
E9
E9 = M~gz
is the gravitational potential energy
(3.2)
M, is the mass of water at Point A
g is the acceleration due to gravity which is assumed to be constant
z is the elevation of Point A above the datum
The component of energy due to the pressure at Point A is given by (Freeze and Cherry,
1979):
E, = Mw f du,
o Mw
"0 du
= M, *
E, is the pressure potential energy
u, is the pore water pressure at Point A
Vw is the volume of water at Point A
If the water is assumed to be incompressible, then the density of water, p, remains
constant, and Equation (3.3) becomes:
Mu
EP = M "p,
(3.4)
where:
p, is the density of water
The flow rate of water at Point A gives rise to a kinetic potential energy given by:
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where:
(3.3)
EV = M v.
2
2
(3.5)
where:
E is the kinetic potential energy
vw is the flow rate of water at Point A in the z-direction
The total potential energy at Point A is the sum of these three components and:
M u~ M v 2
E=M~gz+ + " "'
P, 2
(3.6)
where:
E is the total potential energy
Equation (3.6) can be recognized as the Bernoulli Equation, the classical elementary fluid
mechanics formulation of energy loss during fluid flow.
It is convenient to express potential energy in terms of hydraulic head, defined as the
potential energy per unit weight of water. The hydraulic head can be obtained by dividing
Equation (3.6) throughout by the total weight of water at Point A, Mwg, and is given by:
2
u v2
h = z+ " + W (3.7)
y, 2g
where:
h is the hydraulic head or total head
The total head consists of three components, namely:
a. Elevation head,hg = z
b. Velocity head, h,
c. Pressure head, h,
2
2g
u7
= "
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The velocity head is a second order term and since typical groundwater flow velocities
are very low, the velocity head can be considered to be negligible in comparison with the
gravitational and pressure heads. The total head at a point can therefore be expressed as
the sum of the elevation head, h g above a datum and the pressure head, h , and Equation
(3.7) becomes:
h = z+ u" (3.8)
Water will flow from points of higher total head to points of lower total head. The total
head gradient is the driving potential for flow in both saturated and unsaturated
soils.
3.1.1 FLOW THROUGH SATURATED SOILS
The soil below the water table is saturated, the degree of saturation, S = 100% and the in-
situ volumetric moisture content is the soil's saturated volumetric moisture content,
, = f, its porosity. There are two fundamental hydraulic properties for a saturated soil,
its saturated hydraulic conductivity K, and its porosity fl. In a saturated soil, the
hydraulic conductivity is a function of the porosity (Lambe and Whitman, 1979),
however it is generally assumed to be constant. Water flow through a saturated soil is
commonly described using Darcy's Law.
DARCY'S LAW
Darcy's law is an empirical law that states that the mean water flux in a saturated soil to
is proportional to the head drop per unit length in the direction of flow, where the
constant of proportionality is the saturated hydraulic conductivity of the soil. For an
isotropic and homogenous saturated soil, the general vectorial notation of Darcy's Law is
given by:
q=-KsVh (3.9)
where:
q is the specific fluid discharge velocity vector
KS is the saturated hydraulic conductivity of the soil
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h is the total or hydraulic head
Vh is the hydraulic head gradient
For one-dimensional flow, Equation (3.9) can be rewritten as:
q = -Ki = -K dh (3.10)
df
where:
q is the specific fluid discharge velocity or the Darcian flux
in the direction, £
i = dh is the hydraulic gradient in direction, £
df
The reason for the negative sign in Darcy's Law in Equations (3.9) and (3.10) is that
water flows from points of higher total head to points of lower total head against a total
head gradient.
3.1.2 FLOW THROUGH UNSATURATED SOILS
The soil above the water table is unsaturated. The degree of saturation of the soil lies in
the range 0% <S <100%. The in-situ volumetric water content is less than the saturated
volumetric water content and 0 = Si <Q,. The pressure head, hP in an unsaturated soil is
negative giving rise to soil matric suction. Both the hydraulic conductivity of an
unsaturated soil and the matric suction are functions of the in-situ volumetric water
content, 0. To perform quantitative analyses in unsaturated soils, there is a need for
mathematical Equations to describe the variation of hydraulic conductivity and matric
suction with volumetric water content. This has been done over the years with empirical
Equations relating these parameters, which are commonly known as the soil's
characteristic curves.
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RELATIONSHIP BETWEEN VOLUMETRIC WATER CONTENT AND
HYDRAULIC CONDUCTIVITY
The relationship between the volumetric water content and hydraulic conductivity of an
unsaturated soil can be described through a plot of hydraulic conductivity and volumetric
water content. The relationship is usually determined through a series of experiments and
empirical Equations have been proposed in the literature, some of which have been
summarized by Leong and Rahardjo (1997). The majority of researchers suggest
relationships that can be generalized in the form:
( 0K(O)PK,() =K (3.11)
where:
K, (0) is the relative hydraulic conductivity of the soil
K, is the saturated hydraulic conductivity of the soil
(0. -6,r)o is the normalized volumetric water content; ® = (0 ' 0
6, is the initial in-situ volumetric moisture content of the soil
0, is the saturated volumetric moisture content of the soil
Or is the residual volumetric moisture content of the soil and is defined as the
moisture content at which an increase in the matric suction does not
produce a significant change in moisture content.
p is an empirically determined constant
Direct measurements of hydraulic conductivity are required for the determination of the
empirical Equation (3.11).
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RELATIONSHIP BETWEEN VOLUMETRIC WATER CONTENT AND SOIL
MATRIC SUCTION
The relationship between the volumetric water content in a soil and the matric suction can
be expressed in a plot of volumetric water content against suction and is known as the
soil-water characteristic retention curve. A number of Equations have been suggested for
the soil-water characteristic curve some of which have been summarized by Leong and
Rahardjo (1997, b).
Almost all the equations suggested can be derived from the following generic form:
a,b' +a 2 exp(a b')= a 4(U a -u)b2 +a 5 exp[ (a -(uu)b2]+a 7  (3.12)
where:
ai, a2, a3, a4, a5 , a6, a 7, bi, and b2 are experimentally determined constants
(ua -u,) is the soil matric suction [kPa]
The constants in both Equations (3.11) and (3.12) can be determined from a statistical
regression analysis on test data. A simplified schematic showing the general trend of
these characteristic curves is shown in Figure 3.3
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0.55
Or Volumetric moisture content, 0 Os
Figure 3.3 Simplified schematic of soil characteristic curves
The relative conductivity Kr() is the dimensionless ratio defined by Equation (3.11) and
the matric suction (ua - u,)in [kPa] from Equation (3.12).
It has to be mentioned that the characteristic curves shown in Figure 3.3 are simple
schematic representations of curves that are typically much more complex and depend on
a particular soil particle size distribution, texture and shape among other factors.
Furthermore, it has been observed experimentally that both characteristic curves exhibit a
certain degree of hysterisis, and follow different paths when soils are wetting and when
they are drying. Having mentioned this, the detailed analysis of such behavior is beyond
the scope of this discussion. In general, for an unsaturated soil, the matric suction and
hydraulic conductivity depend on the volumetric moisture content and become functional
relationships of the volumetric moisture content. As the soil approaches complete
saturation at Os,, the matric suction tends to zero and the hydraulic conductivity tends to
K,,. the saturated hydraulic conductivity of the soil.
37
Darcy's Law can be extended to describe the flow of water through an unsaturated soil by
replacing the saturated hydraulic conductivity in Equation (3.9) with the functional
relationship of the unsaturated soil between hydraulic conductivity and the volumetric
moisture content:
E = -K(O)9h (3.12)
where:
K(O) is the hydraulic conductivity function of the soil
Similarly, for one-dimensional unsaturated flow Equation (3.12) can be rewritten as:
q = -K(O)i = -K(O) dh (3.13)df
Having briefly discussed the governing flow laws through both a saturated and an
unsaturated soil, steady state subsurface seepage conditions in slope (Figure 3.1) can be
examined.
Before performing any quantitative analyses on the slope, several idealizations and
assumptions have to made which include:
a. The slope inclination is P to the horizontal
b. The geometry of the slope is such that its depth to length ratio is small enough
to be modeled sufficiently accurately in one dimension, while neglecting two
and three-dimensional effects across and up and down the slope.
c. The underlying bedrock is parallel to the slope at a depth z = H from the
ground surface
d. The water table follows the surface of the slope and therefore is parallel to the
slope at a depth z = z, from the ground surface and is at a height
h, = H above the underlying bedrock. Variations to this will be introduced in
later sections of this study.
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e. The soil is assumed to be a continuous, isotropic and homogenous medium
such that its parameters, which include the intrinsic strength parameters and
unit weight are constants with depth and space
f. The unit weight of the soil can be approximated by its saturated unit weight
even if the soil is partially saturated
g. The pore air pressure is atmospheric and ua = 0. Hence, the matric suction
(ua - u,)= -uW.
These simplifications are necessary to make the problem solvable, but they have to be
kept in mind ensuring that they are reasonable for the particular situation. An idealized
slope of Figure 3.1 is shown in Figure 3.4. The datum for depth has been taken to be the
ground surface, and the depth z is measured vertically downwards from the ground
surface.
Slope surface
Unsaturated so
Water Table
Saturated soil
Length, L
il
Depth to
bedrock;
2z=H
Depth to
water table;
z- w
Height of
water table:
h
Bedrock
Depth Datum
B
Figure 3.4 Sketch showing an idealized infinite slope
39
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z
where:
z* is the height of the water table above the bottom side BC of the element
ABCD and will be determined later
When steady state seepage conditions are established in the subsurface of a slope, water
will flow through both the saturated and unsaturated zones. To investigate the direction of
water flow, consider an exaggerated section of the idealized slope in Figure 3.4 as shown
in Figure 3.5.
Water Table
hw=mH
E
ZE
d
hw=mHhE
ZF
hF
Soil-bedrock
interface
Arbitrary
Datum
Figure 3.5 Exaggerated section of an idealized infinite slope
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If the water table is assumed to follow the topographic surface then it would be parallel to
the slope and the depth of the water table from the ground surface or its height above the
soil bedrock interface is constant. Consider two points E and F, which have been
conveniently selected at the soil-bedrock interface (Figure 3.5). Choosing any other two
points would make no difference to the analyses. An arbitrary datum is shown in Figure
3.5. The pressure heads at Points E and F are the same and h, (E) = h, (F). The elevation
head is greater at Point E than it is at Point F and zE > ZF. So, the total head at Point E is
greater than the total head at Point F and hE ZE+hp(E)>hF =ZF +hP(F). Hence,
water will flow from Point E to Point F due to the total head gradient between these two
points. The driving potential that causes water flow is the difference in hydraulic heads
between Points E and F, Ah = hE -hF = d tan P. The hydraulic gradient, as defined by
Equation (3.9) between Points E and F is therefore, i = dtan= tan p . The hydraulicd
gradient is constant and equal to i = tan P implying that flow will also occur parallel to
the slope, since the flow vector q is in the direction of the hydraulic gradient. A flow net
can be constructed and would consist of straight lines with the flow lines parallel to the
slope and the equipotential lines perpendicular to the slope as shown in Figure 3.5.
The hydraulic conductivity is essentially constant in the saturated zone. So, the saturated
zone can be sub-divided into several flow channels of equal size with an equal water flux,
q, flowing through each flow channel (Figure 3.6). In the unsaturated zone on the other
hand, the hydraulic conductivity depends on the volumetric water content. The
volumetric water content decreases from the saturated value at the water table towards
the ground surface (Figure 3.3). The hydraulic conductivity also follows this trend, and
decreases away from the water table. As a result, increasingly larger flow channels are
required in order to maintain the same water flux, q, closer to the ground surface (Figure
3.6).
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Water Table
qw
Bedrock . .-
Figure 3.6 Steady state water flow through an infinite slope
It can be concluded that if the assumption is made that the water table is parallel to the
slope, then steady state equilibrium conditions imply that flow would take place parallel
to the slope.
3.2 STEADY STATE PORE PRESSURE DISTRIBUTION
The steady state pore pressure at any depth, z from the ground surface can be determined
by examining an exaggerated section of the flow net of Figure 3.6 at element ABCD as
shown in Figure 3.7.
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Water Table D
Equipotential Line
Z
Z*
Z* Z*COS2P
Flow Linep Z~ccosf
B
Figure 3.7 Exaggerated section of flow net at element ABCD
h
If the ratio m is defined as m = "- , and since the water table inclination is constant and
H
equal P to the horizontal, then -- = - and z* = z - = mz. So, the height of the water
H h, H
table above any depth z from the ground surface is given by z* = mz, if z > Z,. Hence,
the distance z*in Figures 3.4 and 3.7 is z* = mz.
Now, consider the two points A and B of the element. Point A is at the water table, and
Point B that lies on the intersection between the same equipotential line as Point A and a
flow line. The total head is constant along the equipotential AB, by definition. Since the
pressure head is zero at Point A (atmospheric pressure), the pressure head at Point B must
be equal to the elevation between A and B and h, (B) = z* cos2 P3
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The pore water pressure at Point B, is given by
u = z*y, cos 2 P = mzY, cos 2 P.
Now, consider the same element ABCD along with the boundary water forces that act on
it as shown in Figure 3.7.
'4.
b
Ui
B
z*y cos 2p
U
Figure 3.8 Boundary water pressures acting on element ABCD
The pore pressure at Point C would be equal to the pore pressure at Point B, since both B
and C are at a depth z* below the water table, and the pore pressure all along the bottom
of the element is given by u, = mzy, cos 2 P . The resultant boundary water force which
would act normal to BC is given by U = amzy, cos 2 P . The horizontal water forces on
1
the two vertical faces cancel each other out, and U, = U = -- yz * cos 2
2
To simplify the analyses, the side AD has been taken to be at the water table. The
analysis would be the same if AD was taken to be below the water table except that the
water forces would have to be increased by an amount given by the water pressure that
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u, = pwghp (B) = ywh, (B) and
----------------
would act on AD. The element ABCD has been taken to be below the water table. An
analogous analysis can be performed if the element were chosen to lie above the water
table, and the results would be identical. So, the mean pore water pressure at a depth z
below the ground surface is given by:
u, = y,(z - z,)cos 2 p=y[z -(H - h,)]cos2 p (3.14)
For a depth z below the water table where z> z = (H - h.), the pore pressures are
positive and the mean pore pressure is given by:
u, = (z- z,)y, cos 2 p = y,[z -(H - h)]cos 2 p = y[z - (1 - m)H]cos 2
For a depth z where z z = (H - h), the pore pressures are negative and the mean
pore pressure is given by:
u, =(z-z )y, cos2 p= -y(H -h, - z)cos 2 p= -y,[(I-m)H - z]cos2
The pore pressures at several depths of interest in the slope can be computed by replacing
the relevant depth into Equation (3.14).
At the water table, at z = H - h, the pore pressure is atmospheric which is equal to zero
by convention and u, = 0.
The mean pore pressure on the soil-bedrock interface at z = H is given by:
u, = 'yh, cos 2 P = ywmH cos 2 p
The mean pore pressure at the slope surface, where z = 0 is given by:
u, =-yw(H-h )cos 2 p
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Hence, when steady state equilibrium conditions prevail in the subsurface of the
slope, flow takes place parallel to the slope in both the saturated and unsaturated
zones and the pore pressures vary linearly with depth.
An idealized pore pressure distribution throughout the subsurface is shown in Figure 3.9.
Unsaturated soil
Water Table
Saturated soil
Bedrock
z=H
Figure 3.9 Idealized pore pressure distribution for steady state conditions in the slope
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CHAPTER 4
HYDROLOGICAL MODELING
Once it starts to rain onto the slope, the hydrologic response of the slope to a particular
rainfall event depends on many local factors and can be very complex to say the least.
The steady state seepage conditions and subsurface pore pressures discussed throughout
Chapter 3 are altered. A simplified illustration of some complicating factors is shown in
Figure 4.1.
Figure 4.1 Illustration of some complicating factors that affect the hydrologic response of a slope to a
rainfall event
In simple terms, as it rains onto a slope some of the incident rainwater will infiltrate into
the slope and some will run off the surface. This distribution of the rainwater will depend
on the incident rainfall characteristics and the hydraulic properties of the soil. Infiltration
can be defined as the process of downward entry of water into the soil made available at
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the ground surface (Freeze and Cherry, 1979). Since the soil near the ground surface is
unsaturated, the process of infiltration involves flow processes through the unsaturated
zone. Unsaturated soils exhibit great spatial and temporal variations in properties as the
soil moisture content changes (see Section 3.1.2), rendering the infiltration process very
complex.
The rate of infiltration can be defined as the rate at which water enters the soil from the
ground surface, and depends on a great number of factors some of which include the
conditions at the soil surface and its vegetation cover, the soil type, texture, pore size
distribution and its properties such as its porosity, hydraulic conductivity as well as the
antecedent soil moisture content. The infiltration rate will also depend on the particular
rainfall characteristics including its intensity and duration. Because of the complexities
involved, estimating the rate of infiltration can be described very approximately with
mathematical Equations and only numerical approaches are capable of representing the
complexities involved. Nevertheless, simple infiltration models have been developed
over the years to quantify the rate of infiltration. The majority of these models attempt to
quantify the potential infiltration rate based on a one-dimensional extension of Darcy's
Law for an unsaturated soil (see Section 3.1.2). The use of Darcy's Law in one-
dimension to model the infiltration process can be justified by the fact that percolation or
infiltration during rainstorms is predominantly vertical.
Some idealizations have to be made in order to develop simple infiltration equations, the
most important of which are:
a. The slope is composed of a soil that is a homogenous, isotropic porous medium
and all the pores are directly interconnected
b. A particular rainfall event is uniformly distributed over the slope with a constant
intensity
The total head of water has been defined in Section 3.1 as the total potential energy per
unit weight of water (see Equation (3.8)). In an unsaturated soil, part of the total head is
due to an elevation head, z above a specified datum and part is due to the soil suction
head, xy and the total head can be expressed as the sum:
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(4.1)
where:
(ua -u,) (Ua -Uw)
w is the soil matric suction head, xj =-
p~g yW
Darcy's Law in the vertical direction can be expressed as:
dh
dz (4.2)
Substituting Equation (4.1) into Equation (4.2):
ah a(y +z) _ BFy1
qZ = -K() a = -K(O) aZ= -K(O) a+ 1+
az Bz I z _
(4.3)
where:
qz is the specific fluid discharge velocity or the Darcian flux in the vertical
direction
iz = - is the hydraulic gradient in the vertical direction
dz
The matric suction (ua -uw) is a function of the moisture content in the unsaturated
zone as shown in Section 3.1.2. Hence, so is the suction head y(O). Equation (4.3) can
then be rewritten as:
q = -K() [ N +j1[6 N8z) (4.4)
The solution to Equation (4.4) describes the infiltration rate in as a function of the
characteristic curves K(O) and y(6) (see Section 3.1.2) of a particular soil.
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QUANTIFYING THE RATE OF INFILTRATION
One of the earliest attempts to quantify the rate of infiltration was performed by Horton
(1933), who observed that infiltration begins at some rate and decreases exponentially
until it reaches a constant rate. For any given soil, Horton (1933) Pointed out that there is
a limiting curve that defines the maximum possible rates of infiltration with time, which
he called the infiltration capacity of the soil otherwise referred to as the potential
infiltration rate, and observed that this potential infiltration rate decreases with time
after the onset of rainfall, and ultimately reaches an approximately constant rate. Rubin et
al. (1964) built on Horton's (1933) work and showed that his observed infiltration curves
could be predicted theoretically and noted that the ultimate potential infiltration rate of a
particular soil is its saturated hydraulic conductivity.
In general, when a rainfall event takes place, two almost distinct cases can be
distinguished:
4.1 THE RAINFALL INTENSITY IS GREATER THAN THE HYDRAULIC
CONDUCTIVITY OF THE SURFACE SOIL
In the case where the intensity of a particular rainfall event is greater than the saturated
hydraulic conductivity of the soil at the surface of the slope then excess water will
accumulate on the soil surface. This process is known as ponding. The depth to which
ponding may take place depend on the slope characteristics including its inclination and
roughness, and the rainfall characteristics amongst various other factors that also control
any surface runoff. As this takes place, the infiltration rate occurs at the potential
infiltration rate of the soil. To illustrate this, consider the case of a constant rate rainfall
event onto a soil with initial moisture content Oi, where the intensity of the event is
greater than the saturated hydraulic conductivity of the soil as shown in Figure 4.2.
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Infiltration Rate
- Surface Runoff
-- Rainfall Intensity
T T2 Ponding Ts T6 T7 T8  TimeTime, T3
Figure 4.2 Illustration of infiltration rate with time into a rainfall event with an intensity I > K,
There are two controlling factors that influence the rate of infiltration as can be seen from
Equation (4.3), namely:
a. The hydraulic conductivity of the soil K(O)
b. The hydraulic head gradient which is the driving potential for the infiltrating
water into the soil. i = dh-= -+1
dz L z 
_
Initially, the matric suction head at the surface of the slope y(O6) corresponding to the
initial moisture content 0, is likely to be very high (Figure 4.3). Section 3.1.2 showed that
the hydrostatic matric suction at the surface of a soil is:
(ua -uw) = y, (H - hw)
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Values of the matric suction can be very large as confirmed by laboratory measurements,
which have shown that values of the matric suction (ua -u,) in the order of 1000 kPa to
10000 kPa can develop in cohesive soils (Ridley & Burland, 1993). Hence, the initial
hydraulic gradient is likely to be very high. The initial hydraulic conductivity of the soil
K(0,) corresponding to the initial moisture content O6 on the other hand is likely to be
low. The effects of such a large hydraulic gradient are more significant than a low
hydraulic conductivity and the net combined effect is that the potential infiltration rate
into the soil would be greater than the intensity of the rainfall event.
As the soil pores are filling up with water and the moisture content of the soil increases
(Figure 4.3). As the moisture content increases there are two opposing effects that result
as can be seen from the general shape of the characteristic curves of a soil (see Figure
3.3):
a. The initial soil matric suction head y(O6) decreases as the moisture content
increases, causing a decrease in the hydraulic gradient. This leads to a reduction
in the infiltration rate.
b. The initial hydraulic conductivity of the soilK(0i) increases as the moisture
content increases, causing an increase in the infiltration rate.
As time passes, and moisture builds up near the surface of the slope, a thin zone of
saturated soil forms near the surface of the slope (Figure 4.3). This is known as a wetting
front. At this time, ponding develops and the potential infiltration rate becomes equal to
the rainfall intensity. The moisture content behind the wetting front is high because it is
essentially saturated and conversely that ahead of the front is low. Correspondingly, the
matric suction is high just in front of the wetting front, and is low behind the front (Figure
4.3). Therefore, the hydraulic gradient that drives the water into the soil is high because
of the large difference in matric suction. The hydraulic conductivity on the other hand is
low due to the low moisture content ahead of the front. With continuing rainfall the
wetting zone dimensions increase as the wetting front infiltrates into the soil. The matric
suction and hence the hydraulic gradient is reduced (Figure 4.3). The hydraulic
conductivity on the other hand is increased. The net combined effect is that with
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increasing time into the rainfall event the potential infiltration rate of the soil declines
asymptotically towards a value equal to the saturated hydraulic conductivity K, of the
soil.
Moisture content, 0
Oi Os
Matric suction head, y(O)
0
Depth, z
Water Table
Z7Z 2
Advancing
Wetting
Front
Figure 4.3 Simplified diagram showing difference in matric suction ahead and behind wetting front as it
infiltrates into the soil
A more detailed variation of moisture content and matric suction with depth throughout
the rainfall event is shown in Figure 4.4. As the wetting front infiltrates into the soil, it
can be seen that the soil gets saturated from its surface downwards.
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Figure 4.4 Variation of moisture content and matric suction with time as a wetting front advances into the
soil
Hence, during the early periods of the rainfall event the actual infiltration rate would to
be equal to the rainfall intensity since the potential infiltration rate of the soil is greater
than the intensity. This is shown as times T, - T3 in Figure 4.2. Once ponding takes place
at time T3 , the actual infiltration rate begins to proceed at the potential infiltration rate of
the soil, which is the maximum rate at which the soil can transmit water across its
surface. From then on, the actual infiltration rate follows the potential infiltration rate and
continues to decline asymptotically towards the saturated hydraulic conductivity of the
soil (see Figure (4.2)).
Many researchers have developed numerous models and modeling techniques to simulate
the hydrologic response and infiltration processes in the slope. One of the earliest and
most extensively used hydrological models is the Green & Ampt (1911) model and is
described in the following section.
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4.1.1 GREEN & AMPT (1911) HYDROLOGICAL MODEL
The Green & Ampt Hydrological Model (1911) is a simple one-dimensional physically
based hydrological model that relates the rate of infiltration to measurable soil properties
such as its porosity, hydraulic conductivity, and the moisture content. The model has
been shown to give reasonable predictions when compared to more rigorous approaches
based on unsaturated flow (Wallace, 1975). The model is based on the following
assumptions, which are illustrated in Figure 4.5:
a. The soil surface is maintained constantly wet by ponded water of negligible
depth
b. There is a distinct, sharp wetting front that separates a wetted zone from an
unsaturated zone in the soil with an initial constant moisture content O
c. The saturated hydraulic conductivity in the wetted zone, K, is constant
throughout the soil, and does not change with time
d. There is a constant soil matric suction just in front of the wetting front
e. The effects of runoff and evapotranspiration are negligible
~ Iho
Saturated
zone Infiltration
depth, z,
Wetting Front
---- ---------- ------ V--- Water Table
Figure 4.5 Schematic of an advancing wetting front
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The Green & Ampt (1911) model assumes that infiltration occurs vertically downwards
from a slope surface that is ponded to a depth, ho into the soil in the form of a migrating
wetting front according to Darcy's Law (Figure 4.5).
The rate of infiltration, f(t) can be defined as the rate at which the rainwater enters the
soil surface. The cumulative infiltration, F(t) is the accumulated depth of water
infiltrated into the soil during a given period of time and is equal to the integral of the
infiltration rate over that period:
F(t) = ff(r)dT (4.5)
0
where:
T is a dummy variable of time in the integration.
Conversely, the infiltration rate is the time derivative of the cumulative infiltration:
dF(t)f(t)= - (4.6)
dt
To illustrate the basis behind the Green & Ampt (1911) model, consider the case when a
wetting front has penetrated the soil to a depth z5 in a time, t since the beginning of
infiltration (Figure 4.6). As the wetting front advances into the soil, it increases the
moisture content of the soil above it from an initial value O6 to its saturated value 0,.
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Water Table
(Arbitrary Datum)
Figure 4.6 Diagram showing Points A and B
Now consider two Points, A and B located at the ground surface and just on the dry side
of the wetting front respectively (Figure 4.6). Darcy's Law can be approximated between
Points A and B, and the Darcian flux can be used to estimate the rate of infiltration:
f(t)=K, h(4-hB
SZA -ZB
where:
f(t) is the potential infiltration rate or the infiltration capacity
ho is the ponded depth
hA is the total fluid head at Point A
h B is the total fluid head at Point B
K, is the saturated hydraulic conductivity of the soil
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An arbitrary datum is selected at the water table as shown in Figure 4.6. The total head at
Point A is hA = Z + ho and the total head at Point B is hB = ZB - Y since the pressure
head at Point B is negative and h, (B) = -y . Substituting for the total heads into
Equation (4.7):
f(t)=K, (ZA ho)-(ZB
(zA - B)
(4.8)
where:
W is the constant soil matric suction head in front of the wetting front,
Yl
(ua -u,)
p~g
But (ZA -zB)= zs , the infiltration depth of the wetting front. Substituting into Equation
(4.8):
f(t)=K ±h+y+zj
.. Zs 
_
(4.9)
Assuming that the ponded depth, ho is negligible compared to Y and z,, ho << (Y + Z,),
Equation (4.9) gives an approximation of the infiltration rate given by:
f(t) ~ KJ Y+zs
_ Zs
(4.10)
This assumption is justified by the fact that any ponded water onto a slope becomes
surface runoff.
The wetting front increases the moisture content of the soil throughout the infiltration
depth z, from the initial O9 to 0, = il, where rj is the porosity of the soil. The moisture
content 0, is the ratio of the volume of water to the total volume of soil, and so the
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increase in the water stored in the saturated zone above the wetting front as a result of
infiltration is AV, = V(rj - Oj) = z, (i - O) for a unit cross sectional area. But by
definition, this is the cumulative depth of water, F(t) infiltrated into the soil, and hence:
F(t)= zA0= z,(r -0 ) (4.1
Substituting for F(t) into Equation (4.10), the infiltration rate can be expressed as:
f(t) = K, yAO+F(t) (4.1
1 F(t) I
where:
AO is the change in moisture content
Since the infiltration rate is the time derivative of the cumulative infiltration, a
differential equation is obtained in one unknown, F(t):
dF(t) K A+ F(t)
dt [ F(t) (4.13)
By separation of variables, Equation (4.13) can be integrated with the boundary condition
that at t = 0, F(t)= 0 to get:
F(t) - yAOln 1+ = Kst (4.14)
This is the Green & Ampt (1911) Equation for cumulative infiltration, F(t) .
The time required to saturate the soil to a depth, zs from the start of the infiltration
process can be obtained by combining Equations (4.11) and (4.14) to get:
T, = z, -ln (4.15)
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1)
2)
where:
T, is the time required to saturate the soil to a depth z,
The time T, in Equation (4.15) was estimated by assuming that the water is already
ponded on the soil surface to a depth ho and does not include the time for ponding to
develop. Prior to and at ponding, the infiltration rate is equal to the rainfall intensity, and:
dF(T,)_
f(Tp) = = (4.16)dt
where:
T, is the time to ponding
I is the rainfall intensity
Equation (4.16) can be integrated to get the cumulative infiltration at ponding:
F(TP) = IT, (4.17)
The ponding time as predicted using the Green & Ampt (1911) model is given by
combining Equations (4.15) and (4.17) to get:
T = K(4.18)I(I -K,)
Hence, the total time required to saturate the soil to a depth, z, from the beginning of the
rainfall event is the sum of the infiltration time T, and the ponding time T,. This total
time is referred to as the characteristic time, T. and:
TC = T, + T, (4.19)
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However, it is frequently assumed that time to ponding T, is negligible compared to the
infiltration time T, and T, << T,. The characteristic time in Equation (4.19) can be
estimated as Tc ~ T,. This assumption is justified since the ponding time TP in Equation
K WA0(4.18) is proportional to T, oc K and can be neglected for high intensity rainfall
I
events which are of main concern. Equation (4.18) also illustrates the fact that when the
rainfall intensity is less than the saturated hydraulic conductivity of the soil, ponding will
not take place and all the rainwater will infiltrate into the slope at a rate equal to the
rainfall intensity.
So, for a particular rainfall event to be able of saturating the soil to a depth z,, there are
two requirements that can be expressed mathematically as:
a. Rainfall intense enough to exceed the potential infiltration rate into the soil;
I ! f(t)
b. Rainfall duration must be long enough to saturate the slope to a depth z, i.e. the
rainfall duration, D, must be greater than the characteristic time; D Te ~ T,
From these two inequalities, the minimum requirements for saturating the soil to a depth
z, are given by:
Dm = T, (4.20)
In = f(t) (4.21)
Combining Equations (4.20) and (4.21) with Equations (4.10) and (4.15), it is possible to
relate the minimum intensity Ii and the minimum duration Dmi:
I = A Z, -n )], z (4.22)
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From Equation (4.22) it can be seen that there is an inverse relationship between the
minimum intensity and minimum duration required to saturate the soil to z,. These
conditions for saturation of a particular soil to a depth z, can be illustrated graphically on
a logarithmic plot of intensity against duration as in Figure 4.7.
In (Duration)
Figure 4.7 Logarithmic plot of rainfall characteristics
soil upto a depth, z,
in terms of intensity and duration capable of saturating
Consider a Point P(Im , Tm ) of the function in Equation (4.22) as shown in Figure 4.7.
Any combination of rainfall intensity and duration that lies above and to the right of the
Point P(Is , Tn), represents rainfall characteristics capable of saturating the soil to z,.
This is shown by the shaded area of Figure 4.7. Similarly, a rainfall event with
characteristics that lie below and to the left of Point P(In ,, Tn. ) would not be capable of
saturating the soil to z,. So, the locus of all the Points P(I.,T,, ) as defined by
Equation (4.22) represents a delineation line between combinations of rainfall intensity
and duration that can saturate soil to z,. In summary, through the relationship among
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rainfall intensity and duration in Equation (4.22), the Green & Ampt (1911) model
enables minimum combinations of rainfall intensity and duration capable of saturating
the soil cover upto a certain depth z, to be determined.
However, it has to be kept in mind that the effects of runoff, evapotranspiration and the
effects of local groundwater recharge are neglected by the model, so intensity and
duration combinations greater than the threshold values predicted above may be required
to saturate the slope to z,. Evapotranspiration is likely to be important during the first
few rainstorms of the season, or during episodic storms in the dry season. Indeed,
evapotranspiration can be neglected for relatively high intensity events. If runoff is
significant however, rainfall intensities much larger than Im may be required to saturate
the soil to a depth z,. The model could be further refined for a particular site, to consider
the effects of runoff, by determining the relationship between runoff and rainfall
intensity, which could be done by carrying out sprinkler tests, for example.
Application of the Green & Ampt (1911) model requires an estimate of the assumed
constant soil suction head y ahead of the wetting front. However, the actual the soil
suction head ahead of the wetting front varies as the wetting front infiltrates deeper into
the slope towards the water table as was shown in Figure 4.3. The question of what
suction head to use in the Green & Ampt (1911) model has been studied by many
hydrologists over the years and still remains a matter of debate. The American Society of
Agricultural Engineers (1983) has published typical values to be used as Green & Ampt
(1911) parameters for various soils classes [see Table A-I in Appendix A].
4.2 THE RAINFALL INTENSITY IS LESS THAN THE HYDRAULIC
CONDUCTIVITY OF THE SURFACE SOIL
If the intensity of the rainfall event is less than the saturated hydraulic conductivity of the
soil at the surface, then all the rainwater will infiltrate into the soil since the intensity of
the event will always be less than the potential infiltration rate of the soil. So, the rate of
water addition determines the rate of water entry and the actual rate of infiltration would
be equal to the intensity of the rainfall event. The infiltrating rainwater increases the
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initial moisture content of the soil from an initial value O9 to a final value f,, where
Of < O and complete saturation of the soil does not take place. As a consequence of this,
no ponding occurs and no surface runoff is observed.
When the water table is relatively shallow and other conditions are favorable, the
infiltrating rainwater can penetrate the soil directly to reach the water table. As this takes
place, a zone of saturation develops and with continuing rainfall progresses upwards as a
consequence of a rise in the water table. So, the soil gets saturated from the bottom near
the water table upwards. The exact types of hydrologic events that can lead to
groundwater recharge and a subsequent rise in the water table are best identified on the
basis of field measurements using observation and monitoring wells to determine water
table fluctuations. Conversely, the rate and magnitude of the rise, if at all this happens
given a certain rainfall event may be measured in the field or must be estimated by a
regional groundwater analysis which usually entails mathematical modeling of the
groundwater regime which can be done using two- or three-dimensional computer
simulations using various established software packages. So the rate and magnitude of
the rise depends on the specific local hydrological boundary conditions.
In the case of an extremely long duration rainfall event, the water table may be rise all the
way to the surface and the complete saturation of the slope may take place. If this
happens, then the soil cannot retain any additional water and the infiltration rate drops to
zero. All subsequent rainfall is observed as surface runoff.
To illustrate this, consider the case of a constant rate rainfall event as shown in Figure
4.8, where the intensity of the event is less than the saturated hydraulic conductivity of
the soil.
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Figure 4.8 Illustration of infiltration rate with time into a rainfall event with an intensity I < K,
Since the rainfall intensity is less than the potential infiltration rate of the soil, the
infiltration rate would be equal to the rainfall intensity as shown by Points To through to
T3 . During this time, it is assumed that the infiltrating rainwater reaches the water table
causing to rise. At Point T3 , the water table rises all the way to the surface of the slope.
From this time onwards, the infiltration rate drops to zero and all the rainfall becomes
runoff as shown from times T3 to T8 . The corresponding variations in the moisture
content with time are shown in Figure 4.9.
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Figure 4.9 Simplified diagram showing variation in moisture content and matric suction as water table
rises
It can be seen that as the rainwater infiltrates into the slope it increases the moisture
content in the unsaturated zone prior to reaching the water table. As the rainwater reaches
the water table and causes it to rise, the slope gets saturated from the bottom upwards.
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CHAPTER 5
STABILITY MODELING
In order to asses the stability of an existing or a potential slope, it is necessary to adopt a
method to analyze the slope quantitatively to obtain an indication of the degree of
stability of the slope. In principal, such an analysis must satisfy the following criteria:
a. Equilibrium conditions of stress (force) and moments
b. Compatibility conditions
c. Constitutive behavior
d. Boundary conditions of both force and displacement
LIMIT EQUILIBRIUM ANALYSES
In practice, the Limit Equilibrium Method is a well-established method in geotechnical
engineering and is used extensively for the analysis of slope stability. The main
assumptions of the Limit Equilibrium Method include:
a. A failure mechanism must be postulated, involving slip surfaces which may be
planar or curved.
b. A failure criterion, in terms of shear strength parameters, must be adopted.
c. The static equilibrium of both the overall mechanism and of each element or
'block' must be satisfied by resolving forces in two orthogonal directions and by
taking moments of boundary forces. However, all Limit Equilibrium Methods do
not satisfy the three criteria of force and moment equilibrium.
d. Internal stresses in the soil 'blocks' are not considered.
e. The factor of safety is defined as the factor by which the soil strength is reduced
to bring the mechanism just to equilibrium. The Factor of Safety allows for
uncertainties in the method of analysis and in the strength and pore pressure data.
f. The factor of safety is uniform along the slope surface such that the same
proportion of strength is mobilized on all the slip surface.
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INFINITE SLOPE STABILITY MODEL (Skempton & DeLory, 1957)
In general, there is mutual agreement amongst investigators that an infinite slope limit
equilibrium analysis can be used to analyze the potential for landslide initiation. The
infinite slope stability model is a limit equilibrium method of analysis where an arbitrary
failure surface is assumed and equilibrium is applied to the failing soil mass assuming
that the failure criterion holds everywhere along the failure surface. Only the global
equilibrium of the 'blocks' of soil between the failure surface and the boundaries of the
problem are considered and the internal stress distribution within the blocks of soil is not
considered. An infinite slope stability analysis is usually performed for reasons of its
simplicity, the ease in introducing different groundwater conditions, and because the
slab-like failure geometry associated with shallow landsliding can be characterized by
low values of the depth to length ratio (HIL) (see Figure 3.4). This has been confirmed by
field back analyses of failed slopes which have shown that the majority of shallow
landslides appear to have a slab-like geometry (Varnes, 1984) and so an infinite slope
model can be used to quantitatively analyze such slopes sufficiently accurately by
assuming that the potential failure surface is approximately parallel to the ground surface.
In order to perform quantitative stability analyses to determine the factors of safety in the
slope corresponding to each of the above situations, it is necessary to make assumptions
about the soil strength failure criteria to be used in any stability model.
COULOMB FAILURE CRITERION
The shear strength of a saturated soil is described using the Coulomb failure criterion and
the effective stress concept (Terzaghi, 1936) and is given in Equation (5.1).
tf =c'+(ac, -uv,)tan+'=c'+an,'tan*' (5.1)
If the Coulomb strength criterion is assumed the mobilized shear stress, tm of the soil at a
particular depth, z is given by:
T M = [c'I +( -uw)tan ']= [c'+an'tan1'] (5.2)
F F
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The factor of safety is thus the ratio between the available and mobilized strength of the
soil, and the factor of safety for the cohesive term c'and the frictional term tan)' are
assumed to be constant. This can be illustrated in Figure 5.1:
Effective normal stress, an'
Figure 5.1 Schematic Illustration of Coulomb failure criterion and definition of factor of safety
where:
c' ,tan4t'
a'= - and tanO'=
F F
Consider the case of an idealized slope shown in Figure 5.2. In addition to the
assumptions made in for the idealized infinite slope, any potential failure surface is
assumed to be parallel to the ground surface.
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Figure 5.2 Sketch showing idealized slope for stability analyses
The mobilized shear stress, tm on any potential failure surface parallel to the slope
(Figure 5.2) is given by Equation (5.2). It is necessary to define a pore pressure
distribution in the subsurface of the slope in order to perform any quantitative stability
analyses to determine relevant factors of safety.
INITIAL CONDITIONS IN SLOPE
The case of steady state conditions in the slope was discussed in Chapter 3. Reconsider
the element ABCD with all the boundary forces acting on it as shown in Figure 5.3.
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Figure 5.3 Diagram of all boundary force acting on element ABCD
From the geometry of the element, it can be seen that:
a = bsecp
W = z*ysb = z*ysa cos P
N = z*ysbcosp
S = z*y,b sin P
It was shown in Chapter 3 that the distance z*, the height of the water table above the
base of the element is given by z* = mz; where z is the depth of the bottom of the
element from the ground surface.
Since the internal stress distribution within elements of soil are not considered by the
infinite slope stability model, the assumption is made that the interslice shear forces X,
and Xi+, are equal in magnitude and act in opposing directions such that they cancel each
other out, and similarly for the interslice forces Ei and Ei.1 which act normal to the
vertical faces of the element.
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Resolving forces parallel to the bottom of the element:
Wsin p = S= t ma =
F
F =Ta
W sin p
F c'+(N'/a)tan< '
y, sin P cos P
(5.3)
Resolving forces perpendicular to the bottom of the element:
N = N'+U = Wcosp
N'= a(yz cos 2 P -u,)
Substituting for N' into Equation (5.3), the factor of safety according to the infinite slope
stability model for a potential planar failure surface at a given depth z is given by
(Skempton and DeLory, 1957):
c'+(yszcos2 P -ut, )anF =
y~z sin pcos p
(5.4)
When steady state conditions prevail in the subsurface of the slope, the mean pore water
pressure at a depth z from the ground surface was shown to be given by Equation (3.14):
u, = y,(z -z,)cos 2 p (5.5)
Substituting Equation (5.5) into the expression for the factor of safety, Equation (5.4):
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F =c+[yz -(z - z,)yW]COS2 P tan*'
yzsinfpcosp
c +[ysz - (z -ZW)yW] tan
ySzcos2 p tan p y~z tanp
After some manipulation, the factor of safety at any depth, z from the ground surface can
be expressed as:
F= c' rtan ' z,- z~'y, tan*'>F = l + + [z ]y aV(5.6)
yszsinpcosp tan P z _ y, tanp
It is convenient to express the factor of safety in this manner as the sum of a cohesion
term T , a friction term Tf and a water term, T, and:
F = Tc + T, + Tf
where:
c'
y,zsin pcos p
= z, -z~r y, tan*'
tan* '
tanp)
This will help illustrate the relative contributions of each of these terms to the factor of
safety for various cases in stability analyses performed in later sections.
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CHAPTER 6
FAILURE MECHANISMS
INTRODUCTION
Over the years, there has been a significant amount of effort to identify the hydrologic
conditions leading to the initiation of rainfall-induced landslides. It is widely recognized
that a critical combination of hydrologic factors, soil properties and the geometric
properties of a slope is required for landslide initiation to occur. The soil properties that
influence landslide initiation include its intrinsic strength characteristics, hydraulic
conductivity and its physical characteristics such as its porosity. The hydrologic factors
include a triggering event, such as a rainstorm, characterized by its intensity and duration
as well as antecedent moisture conditions in the slope which control the hydraulic
conductivity and the quantity of water necessary to saturate a slope and consequently, the
hydrologic response of a soil. The geometric slope properties include the local surface
topography hence the slope angle and soil cover thickness. These factors amongst others
are listed in Figure 6.1.
Soil
- Soil type
- Thickness
- StrengMcharateristics
- Hydraulic conductivty-
- Porosity
- Antecedent moisture content
- 'sture retention N
charac *stics
Water Tabie
-Depth
Bedrock
- Hydraulic conductivity
Rainfall
(Triggering Event)
- Intensity
run
Slope angt.
Figure 6.1 Schematic of various factors that influence landslide initiation
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The stability of a slope during a particular rainfall event is closely related to its
hydrologic response to the event. The extremely complex hydrologic response of a slope
to a particular rainfall event has been addressed in somewhat more detail in Chapter 4.
Because of the various factors that affect the hydrologic response of a slope to a
particular rainfall event, different opinions exist on how infiltration and ensuing
subsurface flow can develop and what kind of mechanism controls slope instability. In
general terms, as it rains on a particular slope, otherwise steady state groundwater
conditions in a slope are altered by water infiltration from the surface. Subsurface flow in
the slope whether in the saturated or unsaturated zone of the slope, has an adverse effect
on the stability of the slope by increasing the pore water pressures on any potential slip
surface. The elevated pore pressures lead to a decrease in the normal effective stress on a
potential failure surface, which in turn leads to a reduction in the shear strength of the soil
along that surface. The hydrological triggering of landslides can be broadly defined as a
decrease in the shear strength of the soil due to an increase in pore water pressures on a
potential failure surface, which can ultimately result in landsliding. During a particular
rainfall event, a critical saturation depth may be reached where the shear strength of the
soil is reduced sufficiently such that the soil can no longer withstand its self-weight
component parallel to the slope and landsliding may be initiated in the slope. The critical
saturation depth can be defined as the depth at which the factor of safety in the slope first
becomes one, and would correspond to the depth of the failure surface below the ground
surface. Whether or not a critical saturation depth will be reached in the slope depends on
the factors discussed above and shown in Figure 6.1. The saturation of a slope during a
rainfall event can take place either from below by a rising water table, or from above by
the infiltrating rainwater as discussed throughout Chapter 4, and reaching a critical
saturation depth can be achieved in these two manners. A distinction can be made
between the failure mechanisms of landsliding associated with the way the critical
saturation depth is arrived at in the slope, namely by the saturation of the slope from
above or from below. These mechanisms shall be discussed in more detail throughout this
chapter.
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6.1 FAILURE ASSOCIATED WITH SATURATION FROM BELOW
In order to model the effects of infiltration on the pore pressures and hence stability of the
slope, it has been traditionally assumed that for a slope made up of a uniform soil with
isotropic and homogenous properties, a saturated zone first develops at the interface
between the soil and the underlying bedrock and progresses upwards with continued
rainfall. The most commonly invoked model of pore pressure generation leading to
landslide initiation assumes vertical infiltration, a bedrock mass that is impermeable
relative to the overlying soil, and a water table approximately parallel to the surface of
the slope, as first proposed by Campbell (1975). Campbell's (1975) model assumes
vertical infiltration, a bedrock mass that is impermeable relative to the overlying soil, and
a water table approximately parallel to the ground surface. The model suggests that
precipitation could induce the formation of a saturated zone at the base of a slope and the
subsequent rising of the water table, especially where shallow bedrock exists. Campbell
then hypothesized that the infiltrating rainwater causes a rise in the pore pressures on the
soil-bedrock interface that can ultimately lead to landslide initiation (Figure 6.2). This
failure mechanism is still the most commonly assumed failure mechanism to this day and
is widely adopted to analyze the effects of rainfall on landslide initiation.
POTENTIAL Rainfall
FAILURE 
-
EURFAE'N'
RISE I
WATER
TABLE
Bedrock Na
fdfihr p Shallow water
table
Saturated zone forms at
interface and causes rise
in water table
Figure 6.2 Illustration of failure mechanism due to a rise in the main water table (Saturation from Below) as
proposed by Campbell (1975)
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CAMPBELL'S (1975) HYPOTHESIS
Campbell (1975) studied landslides generated by intense storms in the Santa Monica
Mountains, California, and suggested a conceptual model for pore pressure generation on
a soil covered hillslope. Campbell (1975) proposed that many rainfall-triggered
landslides in Southern California are actually shallow landslides, initiated by a reduction
in shear strength resulting from an increase in pore water pressures. Campbell (1975)
postulated a hydraulic conductivity discontinuity at some depth, parallel to the slope
(Figure 6.2). If the rate of rainfall infiltration from the surface exceeds the rate of
percolation at the soil-bedrock discontinuity, then a temporary zone of saturation will be
created. With persisting rainfall, this saturation zone may grow from the base upwards
leading to a transient rise in the main water table. So, the presence of a hydraulic barrier
such as a relatively unfractured bedrock or impermeable stratum can lead to the
formation of a zone of increased pore pressures from the original hydrostatic pressures at
the soil-bedrock interface (Figure 6.2). The location of the potential failure surface is
related to discontinuities in geotechnical strength parameters and thus could be at the
soil-bedrock interface. The rise in the groundwater table generates elevated pore
pressures along the interface associated with the new hydraulic boundary condition of a
higher water table (Figure 6.3). The increased pore pressures would lead to a
corresponding decrease in the effective stress, which in turn leads to a decreased shear
strength of the soil along the interface. As the water table rises further, the shear strength
is further decreased, and the stability of the slope is reduced. If the slope is sufficiently
steep and the shear strength of the slope materials sufficiently low, then there exists a
critical thickness of the zone of saturation sufficient to initiate a slope failure (Campbell,
1975). This however is only a hypothesis, because the pore pressures may decrease
shortly after the cessation of heavy rainfall, making them difficult to measure or observe.
Despite this, Campbell's (1975) hypothesis has been at least partly corroborated by
several investigators who have measured elevated pore pressures in steep hillslopes
during periods of heavy rainfall (e.g. Reid at al. 1988; Johnson and Sitar, 1990).
In summary, Campbell's (1975) hypothesis although not universally applicable, does
provide a simple conceptual model for the initiation of shallow landslides in many
geologic settings, where the depth to the bedrock is small such that the spatial variability
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in the soil properties and thickness is low and where the water table is shallow, leading to
failure by a temporary rise in the main water table, and serves as a useful point of
departure for analyzing more complex situations.
0
Soil-Bedrock Interface
(Potential failure surface) u,=(h,+Ahw)yw
Figure 6.3 Idealized pore pressure distribution for a rise in the water table
The pore pressure distributions for an idealized slope prior and after the rise in the water
table are shown in Figure 6.4.
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u,=[H-(hw+Ahw)]y,
4 100
uw=[H-(hw+Ahw)]ywcos 2P
H
Bedrock 
h
Figure 6.4 Idealized pore pressure distribution in slope prior to and after a rise in the water table
Prior to the rise in the water table, the mean pore water pressure on the potential failure
surface at the soil bedrock interface, where z = H is given by:
u, = y7h, cos 2 p = ywmH cos 2 p (6.1)
Substituting Equation (6.1) into the expression for the factor of safety for an infinite
slope, the factor of safety along the failure surface can be expressed as:
F __= ______( )+ F_____ 1(y~tanV (.2
,ycHsinpcos tan' L H h, y, tan (
F = + -anlIJ m tan (6.3)
y,H sin pcos p tan P y, tan P)
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A rise Ah, in the height of the water table would cause a mean increase in the pore
pressures acting on the potential failure surface given by (Figure 6.3):
Au, = yAh, cos 2 P (6.4)
The new factor of safety corresponding to this change is given by substituting Equation
(6.4) into Equation (6.3) to get:
F = + r m + (6.5)
y,Hsinpcosp tan P H y. tanp
It can be seen mathematically from Equation (6.2) that an increase in the water table
height causes a linear increase in mean pore pressures on the failure surface and hence a
linear increase in the water term T, of the factor of safety. This corresponds to a linear
decrease in the factor of safety if all other parameters are assumed to remain constant (see
Equation (6.5)). To numerically illustrate the effects of a rising water table on the
stability of a slope, consider an idealized hypothetical slope with the properties listed in
Table 6.1.
Table 6.1 Slope properties used to illustrate the effects of a rising water table on the stability of a slope
Soil Properties
Cohesion (kN/m2) c' 7.5
Angle of shearing resistance 30
Saturated unit weight of soil (kN/m2) Ys 20
Submerged unit weight of soil (kN/m') y' 10.19
Slope Properties
Slope angle P 30
Depth to bedrock (in) H 2
Hydraulic Properties
Unit weight of water (kN/m 2) H a 9.81
Depth of water table from ground surface (in) z, 1
Height of water table above bedrock (in) h, 1
Note: The properties selected in Table 6.1 are not meant to be representative of any specific soil; they are
solely for illustration purposes.
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Figure 6.5 shows the linear variation in the factor of safety as a function of the rise in the
water table Ah .
1.2
1.15
- Hydrostatic conditions
1.1 - Rise in water table
1.05
0.95
0 0.25 0.5 0.75
Ah, (m)
Figure 6.5 Linear variation in the factor of safety with a rising water table Ah,
Figure 6.6 also confirms this linear variation in a plot of the factor of safety as a function
of the ratio between the new heights of the water table to the depth to the bedrock where
h, + Ah,
H
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Figure 6.6 Linear variation of factor of safety with ratio, m
In some slopes, as the water table rises, the decrease in the factor of safety occurs until a
critical condition is reached where the increase in pore pressures reduces the factor of
safety to one upon which failure is initiated in the slope. This would correspond to a
critical height of the water table. From Figure 6.5 it can be seen that the factor of safety in
the slope drops to one when Ah, ~ 0.75 m and a critical height of the water table of
approximately 1.75 m.
Now given that a rainfall event causes a certain rise in the water table, if the
corresponding factor of safety does not drop to one, then the slope would be able to
withstand the increase in pore pressures and would remain stable throughout this event.
Figure 6.7 shows the variation of the factor of safety with depth in the slope assuming
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that a rainfall event causes a rise of Ah, = 0.75 m. This confirms that the factor of safety
drops to one initiating failure at the soil-bedrock interface.
7
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0 
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- - Hydrostatic conditions
Rise in water table
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Depth below ground surface, z (m)
Figure 6.7 Variation of factor of safety with depth below the ground surface for a rise in the water table of
Ah,=0.75 m
If the local conditions are favorable, and for extremely long duration rainfall events, it is
possible that a rising water table may not produce a sufficient decrease in the shear
strength of the soil to initiate failure. In such cases, the water table may be raised all the
way to the surface of the slope and complete saturation of the slope from below may take
place (Figure 6.8).
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Figure 6.8 Illustration of failure mechanism due to a rise in the water table (Saturation from Below)
all the way to the surface of the slope
A new equilibrium condition corresponding to the new boundary condition of a water
table at the surface is arrived at in the slope. The pore pressures become positive
throughout the subsurface and an idealized pore pressure profile for this situation is
shown in Figure 6.9.
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Soil-Bedrock Interface
(Potential failure surface)
Figure 6.9
the slope
u,= Hy,
Idealized pore pressure distribution for a rise in the water table all the way to the surface of
The subsurface pore pressure distribution in the slope if this situation arises is then shown
in Figure 6.8.
Water table at
surface
RISE IN
WATER
Original water TABLE TO
table at t=to -S-..RFACE
POTENTIAL Ah,
FAILURE
SURFACE
H
Bedrock hw
u,= Hyy s2
Figure 6.10 Idealized pore pressure distribution in slope for a rise in the water table all the way to the
surface
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The rise of the water table to the surface may generate pore pressures sufficient to
decrease the shear strength of the soil along the interface to initiate failure in the slope. If
the factor of safety along the interface remains above one then the slope would remain
stable under this new temporary condition and throughout the rainfall event. The slope
will not fail and with time, the excess pore pressures generated by the rainfall event in the
slope will dissipate, until a new state of equilibrium is reached which may or may not
correspond to the initial conditions prior to the event.
In such a situation, the mean increase in pore pressures on the failure surface is given by:
Au, =y,(H-hw)cos2 p
Substituting for Ah, = (H - h,) in Equation (6.5), the factor of safety is given by:
F= + - tan (6.5)
y,Hsinpcos p tan p ytanp
This would correspond to a value of mnew - h* +Ahw =1 in Figure 6.6. [For detailed
H
numerical results of the analyses see Tables B-1 and B-2 in Appendix B].
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6.2 FAILURE ASSOCIATED WITH SATURATION FROM ABOVE
While Campbell's (1975) simple model describes one important mechanism of
landsliding, back analyses of failed slopes have consistently shown that actual
mechanisms are typically more complex. Campbell's (1975) model cannot explain why
many field observations of failed slopes have shown that some landslides are shallow,
with failure surfaces in the upper part of the soil. Moreover, it has been frequently
reported that there appears to be no evidence that the relevant rainfall causes a rise in the
water table sufficient to initiate observed slope failures. When the surficial soil layer is
thick, of the order of 10 to 15 m, the spatial variability of the soil properties is likely to be
high, and in the presence of a deep water table many investigators have postulated
different mechanisms of landsliding. In general, landslides have been associated with the
infiltrating rainwater from the surface through the unsaturated zone of the soil. In other
words, it has been postulated that the saturation of the soil from the slope surface
downwards may lead to slope failure. The principal hydrogeotechnical process that leads
to failure is the reduction of unsaturated shear strength in the upper part of the soil profile
during rainfall percolation, as a result of rainfall percolation into the slope. Some
investigators have proposed that a simple reduction of the soil matric suction in the soil,
without necessarily attaining positive pore pressures, could trigger such landslides,
whereas others claim that positive pore pressures are necessary to initiate failure. Since
the initial pore pressures are negative in the unsaturated zone of the slope, the role of
matric suction in increasing the shear strength of the soil must be considered in detail,
and different opinions exist on how to incorporate this into stability analyses. Two
boundary cases on how to incorporate the effects of suction will be addressed in the
following section.
INITIAL CONDITIONS IN UNSATURATED ZONE
FULL CONTRIBUTION FROM MATRIC SUCTION TOWARDS STABILITY
As discussed in Section 2.2, hydrostatic conditions are likely to prevail in the slope prior
to a rainfall event and the mean pore water pressure at a depth z from the ground surface
is given by Equation (2.14) as:
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uW = y,(Z - z,).Cos6 P
The mean pore pressures in the unsaturated zone would be negative since z < z.. As a
reminder, the matric suction is given by y = -u,. The effects of matric suction in
increasing the shear strength of the soil can be taken into consideration in the stability
analyses assuming a linear variation in pore pressure as shown in Figure 6.11.
u,= -(H-h,)ywcos2p
POTENTIAL
FAILURE
SURFACE
Water table
-zH
Bedrock h,
uw hvywco:
Figure 6.11 Idealized pore pressure distribution
failure surface in the unsaturated zone of the slope
in an infinite slope prior to rainfall with an illustration of a
The factor of safety in the slope then can be computed by performing an infinite slope
analysis accounting for the effects of soil matric suction for the case where:
a. The conventional Coulomb failure criterion is assumed, in which case the factor
of safety is given by:
F c tan V Wtan*'z - z
yzcos2 ptan P tan) z )
(6.7)
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(6.6)
b. The unsaturated soil failure criterion as proposed by Fredlund, Morgenstern and
Widger, (1978) is assumed.
The conventional Coulomb failure criterion assumes that for an isotropic,
homogenous soil, the shear strength parameters c'and *' are constants and
independent of the matric suction. This implies a linear failure criterion. However,
Fredlund, Morgenstern and Widger (1978) have suggested that the relationship
between the shear strength of a soil and the matric suction may be non-linear and that
the shear strength of an unsaturated soil can be expressed in the following form which
they termed the extended Mohr-Coulomb failure criterion:
T = c'+a tan t -u, tan tb (6.8)
where:
- is the shear strength of the soil at a depth, z
#b is the angle indicating the rate of change in shear strength
relative to changes in matric suction
The parameter 4b is equal to 4' for a saturated soil, decreases with decreasing
degree of saturation and stabilizes to a constant value at relatively large matric
suctions, the values of which depend on the type of soil (Rahardjo et al., 1995). If
b' is assumed to be zero, there is no account taken of the contribution of suction
towards the stability of the slope.
By performing an infinite slope analysis with this failure criterion on an idealized
slope, the mobilized shear stress, rm at a particular depth (Figure 6.11) in the
unsaturated zone is given by:
r m = c'+an tan*'-u, tan*b] (6.10)
F
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where:
1m is the mobilized shear strength of the soil at a depth, z
Substituting for the mean pore pressure at a depth z into the expression for the
factor of safety in an infinite slope:
F= c' + tanV+ (6.11)
y~zsinpcosp tans y, tans z
In both these cases, from Equations (6.7) and (6.11), it can be seen that there is a
contribution from the water term T, to the factor of safety and it acts so as to increase
the factor of safety since z, > z in the unsaturated zone. In effect, the Fredlund,
Morgenstern and Widger, (1978) is an extension of the Coulomb failure criterion where
the angle of shearing resistance of the soil is a function of the in-situ moisture content in
the unsaturated zone and is equal to the angle of shearing resistance #' in the saturated
zone of the soil. It is clear that by performing an infinite slope stability analysis with this
failure criterion, the factors of safety are the same as those determined by the
conventional Coulomb criterion except that $' is substituted by *b in the unsaturated zone
of the soil. Since *b < 4', the factors of safety corresponding to the case where the
Fredlund, Morgenstern and Widger, (1978) criterion (Equation 6.11) is used are generally
lower than those computed using the conventional Coulomb criterion except in the case
where *) = 4'in which case both factors of safety are identical.
FFredlund et al.(1 978 ) s Fcouomb
Assuming a linear variation in pore pressures as given by Equation (6.6) would result in
the maximum values of matric suction in the unsaturated zone when parallel to slope
seepage is assumed below the water table. This corresponds to the maximum values of
the computed factors of safety and hence the least conservative situation.
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NO CONTRIBUTION FROM MATRIC SUCTION TOWARDS STABILITY
The factor of safety in the slope can also be computed by performing an infinite slope
analysis assuming that the matric suction in the unsaturated zone does not contribute to
the overall stability of the slope. This would represent the most conservative situation
leading to a lower bound to the calculated factors of safety at any particular depth. The
factor of safety can be expressed as:
F = c' + tan<' (6.12)
yzcos2 Ptans tanp
It can be seen from Equation (6.12) that there is no contribution from the water term T, to
the factor of safety as a result of the assumption made in this case.
These two cases represent upper and lower bounds to the factor of safety and in reality
the factor of safety may lie anywhere in between.
The factors of safety can be computed and compared for each of the above situations. To
numerically compare the factors of safety, a different slope that is susceptible to failure
by infiltrating rainwater from its surface downwards with the properties listed in Table
6.2 was used.
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Table 6.2 Slope properties used to illustrate failure mechanisms in unsaturated zone
Soil Properties
Cohesion (kN/mi) c' 25
Angle of shearing resistance < 30
Angle of increase in shear strength relative to matric suction 6 26
Saturated unit weight of soil (kN/m2) Ys 20
Submerged unit weight of soil (kN/m2 ) ' 10.19
Slope Properties
Slope angle p 30
Depth to impermeable bedrock (m) H 15
Hydraulic Properties
Unit weight of water (kN/m 2 ) YW 9.81
Depth of water table from ground surface (m) z, 10
Height of water table above bedrock (m) h, 5
Note: The properties selected in Table 6.2 are not meant to be representative of any specific soil, they are
solely for illustration purposes.
The results performed on the hypothetical slope show that:
a. The computed factors of safety are lowest at any particular depth in the case
where no contribution from soil matric suction to the soil strength is taken into
consideration. This is to be expected, as this is the most conservative situation and
is illustrated in Figure 6.12.
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Figure 6.12 Illustration of the effects of assumed failure criterion and incorporation of matric suction on the stability
of a slope
b. The factors of safety computed for the failure criterion proposed by Fredlund,
Morgenstern and Widger, (1978) are lower than when the Coulomb criterion is
assumed. Again, this is to be expected since 4 ) b < 4'. The factors of safety depend
on the adopted value for the angle *b. In the case where *b << ', the factors of
safety computed according to Fredlund, Morgenstern and Widger, (1978) would
be significantly lower. In the case where the assumption that *b = 4'is made, the
factors of safety are identical. Figure 6.12 shows the variation of the computed
factors of safety with depth below the ground surface for all three cases.
c. The effects of matric suction on the stability of the slope are most significant
when the potential failure surface is high above the water table. Figure 6.13 shows
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the variation in factor of safety with the height of the potential failure surface
above the water table (z. - z).
- Coulomb criterion
- Fredlund et al. criterion
- No contribution from matric suction
--
/
/t
/
2 6 8
Height above water table, (zw-z) (m)
Figure 6.13 Variation in the factor of safety as a function of the height of the potential failure surface above
the water table
Figure 6.13 shows that incorporating matric suction into the analysis increases the
factor of safety and the increase may be significant when the sliding surface is
high above the water table. Changes in matric suction have a significant effect on
the stability of slopes with shallow potential failure surface depths. This is
discussed in more detail in the next sections.
d. All three computed factors of safety converge and become identical when the
potential failure surface coincides with the water table. This is confirmed in
Figures 6.12 and 6.13, where the depth to the water table is assumed to be
z = 10 m below the ground surface.
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[For detailed numerical results of the analyses see Tables B-3, B-4 and B-5 in Appendix
B]. Now that the initial conditions in the unsaturated zone of the slope have been
discussed in detail, the effects of a rainfall event on the stability of the slope can be
addressed. As it starts to rain onto the slope, the pore pressures in the subsurface of the
slope are altered and become non-hydrostatic. In broad terms, the pore pressures in the
subsurface of the slope are increased as a result of the increase in moisture content
associated with the infiltrating rainwater from the surface. As the rainwater infiltrates into
the unsaturated zone of the slope, it increases the moisture content of the soil from its
initial value O, to a final value Of, where in general,Of s (see Chapter 4). The final
moisture content of the wetted soil depends on many properties of the soil that influence
its retention characteristics (see Section 3.1.2), as well as the characteristics of the rainfall
event, namely its intensity and duration. It is possible that this final moisture content may
be less than the saturated moisture content of the soil or it may be equal to the saturated
value in which case the soil above the infiltration depth would be completely saturated,
and a saturated zone would develop throughout the infiltration depth. A change in the
moisture content of the soil would lead to corresponding change in the matric suction
according to its characteristic curves (see Figure 3.3). An increase in the moisture content
would lead to a reduction in the matric suction head that would exist in the unsaturated
zone from its initial value, yj to a final value yf ; where in general yf 0. In other
words, the infiltrating rainwater within the wetted zone increases the pore pressures even
though they may still remain negative, and the change in pore pressures is dependent on
the change in moisture content. In the following section, a detailed analysis describing
the effects of changes in moisture content and hence pore pressures on the stability of a
slope will be performed leading to the identification of three mechanisms of shallow
landslides with failure surfaces in the unsaturated zone. In order to simplify the
discussion, and throughout the next section, it shall be assumed that during a particular
rainfall event, the rainwater infiltrates the soil to an arbitrary infiltration depth z,. In
reality, this infiltration depth would depend on the local site conditions and could
correspond to the presence of a hydraulic conductivity discontinuity that would possibly
restrict further percolation.
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6.2.1 MECHANISM 1: SATURATION OF A NEAR SURFACE ZONE OF
SOIL
When it first starts to rain, some of the rainwater will begin to infiltrate into the slope.
Providing the slope remains stable, after a certain time from the beginning of the rainfall
event, a thin layer of soil near the surface of the slope may reach complete saturation
(Figure 6.14). This time would take place at ponding time as discussed in Chapter 4. The
thin zone near the surface is the first location in the slope to reach complete saturation.
Figure 6.14 Illustration of failure mechanism due to the saturation of a near surface zone of soil
The pore pressures in the subsurface are altered such that the matric suction is reduced to
zero in the thin layer of saturated soil at the surface since it is at atmospheric pressure.
This is the first non-hydrostatic condition considered, namely that of surface saturation. It
is evident that the pore pressures go through a continuous transition from being
hydrostatic to being equal to zero at the soil near the surface. Figure 6.15 shows idealized
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pore pressure distributions for these transitions prior and when a zone near the surface of
the slope becomes saturated. Continuous monitoring of slope performance in the field
using tensiometers to measure pore pressures is necessary to determine these transitions.
Zone of
0 saturated soil
Wetted Zc
0; AO
0
Infiltration
depth, z,
Figure 6.15 Idealized transient pore pressure distributions as infiltrating water reduces matric suction for a
given infiltration depth, z,
The pore pressure distributions are difficult to predict to say the least and for the purposes
of this discussion, the boundary cases of hydrostatic pressures and that of surface
saturation profiles are only considered (Figure 6.16).
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Figure 6.16 Idealized pore pressure distribution when saturation of the surface soil takes place
So, a new pore pressure distribution is attained in the slope when the saturation of a thin
zone of soil near the surface takes place and an idealized pore water pressure profile for
this situation is shown in Figure 6.17.
POTENTIAL
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SURFACE Jnfilt
Water table
z=H
Figure 6.17 Idealized pore pressure distribution in slope as saturation of surface soil takes place
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It is assumed that the pore pressures are zero at the surface and decrease linearly with
depth until they reach the hydrostatic line at a depth z, the infiltration depth of the
rainwater. It can be seen from Figure 6.16 that the pore pressure distribution will actually
depend on the infiltration depth. Figure 6.18 shows idealized pore pressure profiles when
saturation is reached at the surface for several infiltration depths.
Zone of
0 saturated soil u,= -(H-hw)y, 0
e - ------ ---- InfiltrationI ~ Phase I: - ~-- - -
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near surface soil
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Figure 6.18 Idealized pore pressure distributions when saturation of the surface soil takes place at
various infiltration depths
Although it is recognized this situation of near surface saturation may be very temporary,
it still has to be considered as the first stage in the stability analyses of the slope. The
location of a potential failure surface can be determined theoretically and is defined as the
location where the computed factor of safety from relevant stability analyses is first equal
to one. However, the actual location of the failure surface will be controlled by the local
field shear strength profile. If the depth to the potential failure surface z, is set such that
zf S z. = (H - h,), then for a uniform, isotropic and homogenous soil susceptible to
failure by the formation of a saturated zone near the surface, the potential failure surface
is likely to lie above the water infiltration depth i.e. zf z, where the matric suction has
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been reduced. The water infiltration depth z, is the depth at which the pore pressures
become hydrostatic, because the soil below is unaffected by the infiltrating rainwater.
Since the slope was stable prior to the rainfall event, the factors of safety at depth greater
than z, remain unchanged and the potential failure surface is likely to lie above the water
infiltration depth. The mean pore water pressure at z, is given by:
u, =(z, - z,)y, cos2 p (6.13)
This value will be negative since the assumption is made for z,, z,. Using the
properties of similar triangles, the following relationship can be obtained:
zS Zf
Cross-multiplication and substituting for Equation (6.13) leads to the following:
uW Z [ =  1 * Cos} 2 p = z - y, cs2p (6.14)
Substituting Equation (6.14) into the expression for the factor of safety for an infinite
slope:
F= c' + tan t'(H-h, _4)(ywtan$') (6.15)
y,zf sinpcosp tan P ) y, tan p
The effect of the infiltrating water on the factor of safety becomes evident through the
water term T, in Equation (6.15). If this factor of safety is compared to that of the initial
hydrostatic case, where at the same failure surface depth zf, the factor of safety is given
by:
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c'_____tan #' (H -h 1 ~ytan tF = + + )-1 ywtan V(6.16)
y,zf sin pcosp tan P z, y, tanZ
Since zf z,, the factor of safety is reduced. The reduction depends on the value of the
infiltration depth z, because the water term T, is inversely proportional to this depth (see
Equation (6.15)).
The failure surface in this case lies in the unsaturated zone of the soil. If the unsaturated
failure criterion as suggested by Fredlund, Morgenstern and Widger, (1978) were used in
the analysis, then the factor of safety can be obtained by substituting t' with $b in the
unsaturated zone and:
F = +t + *a +H h -1 l wtn _ (6.17)
y,zf sinpcosp tan P Zf y, tan P
By comparing Equations (6.16) and (6.17), it ca be seen that the factor of safety would be
less than the one computed if the Coulomb failure criterion were adopted since *b <
Since the factor of safety is reduced from its initial value in the hydrostatic case because
of infiltration, then for a given infiltration depth this reduction may cause the factor of
safety given by Equation (6.16) to drop to one subsequently initiating failure in the slope.
Failure by the formation of a thin saturated zone of soil near the surface represents
the first mechanism of landsliding as the slope gets saturated from its surface
downwards.
To numerically illustrate the effects of the saturation of a near surface zone of soil on the
stability of the slope, consider the same slope with properties shown in Table 6.2. An
arbitrary infiltration depth of z, =6 m has been assumed. Now the factor of safety can be
computed and plotted for depths z z,. Figure 6.19 illustrates the reduction in factor of
safety at any depth when this condition arises. The original hydrostatic variation in the
factor of safety with depth is also plotted for comparison.
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Figure 6.19 Effects of saturation of near surface soil on the factor of safety for an arbitrarily set infiltration depth
z,=0.6z,=6m
In general, the factor of safety decreases with depth. This decrease in the factor of safety
is most rapid for depths near the ground surface, and although the factor of safety does
not drop to one it may do so and would corresponding to shallow sliding. The soil matric
suction is greatest at shallow depths and plays an important role in ensuring the stability
of the slope. Changes in soil moisture may reduce or completely eliminate the matric
suction and slopes with shallow potential failure surfaces are very sensitive to such
changes. The reduction then decreases with depth until the infiltration depth z, = 6m,
below which the factors of safety in the slope are unaltered. [For detailed numerical
results of the analyses see Table B-6 in Appendix B]
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6.2.2 MECHANISM 2: ADVANCING WETTING FRONT
Once a fully saturated zone develops near the surface of the slope and ponding takes
place, many researchers have suggested that during heavy rainstorms, the infiltrating
rainwater flows from the surface of the slope through the unsaturated soil in the form of a
downwards migrating wetting front. The term wetting front as used in this discussion
refers to the layer of infiltrating water that has traveled the greatest distance into the slope
i.e. the line that separates the wetted zone from the unsaturated zone (Figure 6.20).
N
SURFACE
Rainfall
Bedrock
Figure 6.20 Illustration of failure mechanism due to an advancing wetting front
As the wetting front advances into the slope, it completely saturates the soil above it. By
doing so, the wetting front eliminates the matric suction throughout the wetted zone. A
completely developed wetting front may or may not advance into the slope upto an
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arbitrarily set infiltration depth z,. As this takes place, the pore pressures within the
wetted zone of the soil are altered and idealized pore pressure distributions are shown in
Figure 6.21. If the wetting front does not advance into the slope upto z, then the matric
suction would be reduced but not necessarily eliminated between the wetting front and
the infiltration depth.
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Figure 6.21 Idealized transient pore pressure distributions for an advancing wetting front
In order to simplify the discussion, it shall be assumed that a fully developed wetting
front first forms at the surface of the slope and infiltrates into the slope all the way to z,
such that all the soil within the infiltration depth has reached complete saturation
and O, = 9,. This corresponds to the most conservative situation since the matric suction
is assumed to be eliminated throughout z, (Figure 6.22). In effect, the wetting front
reduces the stability of the slope by decreasing the shear resistance of the soil on any
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u,= -(H-hw)y,
potential failure surface as the pore water pressures become zero within the saturated
zone (Figure 6.22).
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Figure 6.22 Idealized pore pressure distribution for an advancing wetting front
An idealized pore pressure distribution attained in the slope for an arbitrary infiltration
depth is sketched in Figure 6.23.
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Figure 6.23 Idealized pore pressure distribution in slope due to an advancing wetting front
The factor of safety for any depth such that z s z, within the wetting front is given by:
c' tan*'(618
F = + (6.18)
yzsinpcosp tans
It can be seen that there is no contribution to the factor of safety from the water term T.,
and the factor of safety is the sum of the contributions of the cohesion and friction terms
only. The factor of safety is therefore reduced further in the case of an advancing wetting
front where the infiltrating water is assumed to completely saturate the soil above it and
eliminate the matric suction.
By comparing Equations (6.15) and (6.18), at any given depth:
Fwettig front <Fsaturtin Fhydrosta ic
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Consider the same slope with properties shown in Table 6.2, and let the arbitrarily set
infiltration depth be the same z, = 6 m. Now assuming that the wetting front infiltrates
into the slope upto z, = 6 m saturating and eliminating the matric suction in all the soil
above it. Figure 6.24 illustrates the change in factor of safety at any depth when this
condition arises, along with that of surface saturation.
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Figure 6.24 Effects of an advancing wetting front on the factor of safety for an arbitrarily set infiltration depth
z,=0.6z,=6m
Similar comments on the variation of the factor of safety with depth can be made as in
the case of saturation of a near surface soil. But, it can be seen that the factor of safety at
any depth is reduced further in the case of an advancing wetting front than in the former
case. However, for the arbitrary infiltration depth of z, = 6 m, the properties of the
hypothetical slope are such that the factor of safety remains above one and an advancing
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wetting front that eliminates the matric suction throughout this depth would not initiate
landsliding.
Now, let zf be the depth to the failure surface. For a uniform, isotropic and homogenous
soil susceptible to failure an advancing wetting front the potential failure surface is likely
to be at the bottom of the saturated soil mass equal to the water infiltration depth,
and zf = z,. This is the location where the factor of safety in the slope would first
decrease to a value of one, since from the expression for the factor of safety substituting
the maximum value of zf = z, yields the lowest factor of safety. This is further confirmed
by Figure 6.24. The factor of safety along a potential failure surface for the case of an
advancing wetting front is given substituting z = zf into Equation (6.18):
F = c' + tan<1 (6.19)
yszf sinpcosp tan P
If the factor of safety is reduced to one as the water infiltrates and saturates the slope,
then failure will be initiated.
Failure by an advancing wetting front represents the second mechanism of
landsliding as the slope gets saturated from its surface.
The variation of the factor of safety with the water infiltration depth assuming that
Zf = z, for the slope is shown in Figure 6.25. For the slope considered, the factor of
safety remains above one as the infiltration depth increases and failure is not initiated by
an advancing wetting front.
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Figure 6.25 Variation of factor of safety with infiltration depth, zs (Assuming zf=z,) for the case of an
advancing wetting front until it reaches the main water table at a depth of 10 m
With increasing rainfall duration and providing the slope remains stable, the wetting front
may migrate deep enough into the soil and eventually reach the main water table and
cause it to rise. The matric suction above the rising water table would be zero throughout
the wetted zone as shown in Figure 6.26.
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Figure 6.26 Illustration of failure mechanism as wetting front joins the main water table
However, if the slope remains stable until the wetting front joins the water table, then
likely the location of the potential failure surface becomes at the soil-bedrock interface
and failure would occur at the interface where z = H (Figure 6.26). With persisting
rainfall, if the wetting front causes a rise Ah, in the water table, then the factor of safety
would be identical to the one in Equation (6.5):
F = co + ( J-(m+ )(yw ta j (6.20)
y,Hsinocos p tan P H y., tanp
From Equations (6.19) and (6.20), it can be seen that the factor of safety in the slope is
reduced as this takes place. The cohesion term Tc of the factor of safety is reduced
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Bedrock
because zf < H and at the same time the water term T, is negative in Equation (6.20).
The combined effect is a reduction in the factor of safety although the failure mechanisms
in both these cases are different. An idealized pore pressure distribution when this
conditions arises is shown in Figure 6.27.
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Figure 6.27 Idealized pore pressure distribution for a rise in the main water table caused by an infiltrating
wetting front (Saturation from Above)
For the case of the hypothetical slope in consideration, it is possible that given certain
rainfall characteristics, the wetting front may infiltrate deep enough to join the main
water table without initiating failure. This is shown in Figure 6.25, as the factor of safety
does not fall below one for an infiltration depth of 10 m.
If the wetting front joins the water table it will cause it to rise, the variation of factor of
safety with depth is shown in Figure 6.28 for two selected values of Ah, = 2.5 m and
Ah, =5m.
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Figure 6.28 Variation of the factor of safety in the slope as a wetting front infiltrates deep enough to join
and cause a rise in the main water table
The results in Figure 6.28 should be interpreted with care, because there are two different
failure mechanisms involved. The hydrostatic condition shows the initial variation in the
factor of safety with depth prior to any rainfall. As it rains onto the slope, and advancing
wetting front advances into the slope reducing the factor of safety until it reaches the
main water table at a depth of 10m. As this takes place, the factor of safety may or may
not drop below one. As shown in Figure 6.28, the minimum factor of safety at the water
table (10 m) does not fall below one in the case of the hypothetical slope in consideration.
Additional rainfall will cause a rise in the water table. The minimum factor of safety in
the slope is now at the soil-bedrock interface, which would be the location of the
potential failure surface. Any rise in the water table, would cause a reduction in the factor
of safety along the interface, and the factor of safety may fall below one initiating
landsliding in the slope. In this case, the factor of safety does in fact drop below one for a
112
rise in the water table of Ah, = 2.5 m, initiating landsliding along the soil-bedrock
interface. A summary of the numerical results is given in Table 6.3.
In order to make this discussion complete, the situation where an extremely long duration
event takes place can be considered so that the water table may rise all the way to the
surface causing complete saturation of the slope. The factor of safety for this situation is
given by substituting for Ah, = (H - h,) in Equation (6.20) to get:
c tan*' ,_ ytan#' (6.21)F = + -(.1
yHsinfpcosp tan p y, tanp
Note that this is the same expression as that given by Equation (6.5). If this is the case,
then the factor of safety is reduced even further as can be seen from the further decrease
in the water term T,. Even though landsliding would have been initiated in the
hypothetical slope along the soil-bedrock, Figure 6.29 shows the further reduction in the
minimum factor of safety in the slope along the soil-bedrock interface as the water table
rises all the way to the surface of the slope.
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Figure 6.29 Variation of the factor of safety in the slope as a wetting front infiltrates deep enough to join
and cause the main water table to rise to the surface of the slope
Figure 6.29 should be interpreted in the same way as Figure 6.28. The numerical results
in Figure 6.29 are also shown in Table 6.3. [For detailed numerical results of the analyses
see Tables B-7, B-8, B-9 and B-10 in Appendix B].
Table 6.3 Variation of minimum factor of safety in slope with progressing time as a wetting front infiltrates
into the slope, joins the water table and consequently causes it to rise
STAGE (Progressing Assumed Failure Assumed Failure Surface Factor of
Time) Mechanism Depth Safety
STAGE 1: Advancing wetting front Zf = 10m 1.288
STAGE 2: Rise in water table Zf = 15m 0.947
Ah, = 2.5m [Soil Bedrock Interface]
STAGE 3: Rise in water table Zf = 15m 0.865
Ah, = 5m [Soil Bedrock Interface]
STAGE 4: Rise in water table to the Zf = 15m 0.702
surface Ah, = 1 Om [Soil Bedrock Interface]
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6.2.3 MECHANISM 3: DEVELOPMENT OF A PERCHED WATER
TABLE
Thus far, the discussion has dealt with the adverse effects on the stability of the slope as
the infiltrating rainwater simply reduces or completely eliminates the matric suction
within the wetted zone and two mechanisms of shallow landslide initiation have been
identified. However, it has been shown by many detailed field studies that a significant
amount of water can not only move through the unsaturated zone in the form of an
advancing front, but can also accumulate in the unsaturated zone during a rainstorm event
due to several factors including soil anisotropy, the presence of heterogeneities and
topography effects, as well as the particular rainfall characteristics. Specifically in
hillslopes with stratified and lenticular soil layers with different hydraulic conductivities,
an advancing wetting front may be retarded above lower conductivity heterogeneities
allowing for a positive build up of pore pressures within the wetting front. In such cases,
a temporary, elevated transient or perched water table can develop above the
heterogeneity (Figure 6.30). A perched water table can be defined as the temporary water
table of a relatively small groundwater body lying above and not necessarily
hydraulically connected to the main groundwater body.
table
Figure 6.30 Illustration of failure mechanism due to the development of a perched water table
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A perched water table can therefore only form after the wetting front has infiltrated a
certain distance into the slope. From then on, as it continues to rain onto the slope, if the
wetting front has been held back, positive pore pressures slowly build up within the
saturated zone of the front. Idealized transient pore pressure distributions during the build
up of positive pressures throughout an infiltration depth z, are shown in Figure 6.31.
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Figure 6.31 Idealized transient pore pressure distributions leading to the development of a perched water
table
Because of the extreme difficulty in predicting these transient pore pressures, and in order
to simplify the discussion, it shall be assumed that a perched water table forms
throughout the infiltration depth z,. Since a perched water table is a water table though
elevated, following the same argument as that presented in Section 3.1, when steady state
conditions are established, seepage will take place within the perched water table and will
occur parallel to the slope. The pore pressures within the perched water table would be
hydrostatic and an idealized subsurface pore pressure distribution for an arbitrary
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uw= -(H-hw)y,
infiltration depth zS is shown in Figure 6.32. This would be the most conservative
situation since maximum, hydrostatic pore pressures are assumed throughout the
saturated depth z, (Figure 6.32). The development of a perched water table further
reduces the stability of the slope by decreasing the shear resistance of the soil on a
potential failure surface as the positive pore water pressures build up.
00
Figure 6.32 Idealized pore pressure distribution for a fully developed perched water table
An idealized pore pressure distribution attained in the slope for this condition is shown in
Figure 6.33.
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Figure 6.33 Idealized pore pressure distribution in slope in the case of a fully developed perched water table
If the pore pressure distribution shown above is assumed, then the mean pore pressure at
a depth z from the ground surface such that z z, is given by:
u, = zy, cOS 2 P (6.22)
The corresponding factor of safety at that depth can be obtained by substituting Equation
(6.22) into the factor of safety for an infinite slope to give:
F= c' tan4'
F = P+
y~zsin pcos p tan p
(6.23)
_y tan*'y, tanp
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In this case, as can be seen from Equation (6.23), there is a contribution from the water
term T, to the factor of safety and it acts so as to reduce the factor of safety at any depth
z. Hence, it would be expected that factors of safety computed for the case of a perched
water table would be less than for the case of an advancing wetting front. This can be
mathematically argued from the expressions of the factor of safety for the two cases
given by Equations (6.19) and (6.23). This can be intuitively expected because since the
pore pressures are increased and become positive, the effective stress in the soil is
decreased leading to a reduction in its shearing resistance.
In general, by comparing Equations (6.15), (6.19) and (6.23), it can be stated that for
slopes susceptible to landsliding by infiltrating rainwater from the surface downwards:
Fperched water table < weg f ont < ace on Fhydrostatic
To illustrate the effects of the development of a perched water table, consider the same
slope with properties as those listed in Table 6.2, and let the arbitrarily set infiltration
depth be the same z, = 6 m. Assume that the wetting front infiltrates into the slope to
z, = 6 m and a perched water table develops throughout the depth z, = 6 m.
Figure 6.34 illustrates the change in factor of safety with depth if this condition arises,
along with that of surface saturation, and an advancing wetting front.
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Figure 6.34 Effect of the development of a perched water table at a depth zs=6m on the factor of safety
Figure 6.34 shows that the factor of safety at any depth below the ground surface is
reduced further in the case where a perched water table develops than in both previous
cases. A summary of the numerical results showing the variation in the factor of safety in
the slope assuming an infiltration depth z, = 6 m is shown in Table 6.4. [For detailed
numerical results of the analyses see Table B- I1 in Appendix B].
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Table 6.4 Variation of factor of safety in slope as it goes through successive conditions of surface
saturation to an advancing wetting front to the development of a perched water table
STAGE (Progressing Time) Assumed Failure Mechanism Factor of Safety at
a depth of z=6 m
Hydrostatic conditions 1.62
see Section 6.2
STAGE 1: Saturation of near surface soil 1.58
see Section 6.2.1
STAGE 2: Advancing wetting Front 1.41
see Section 6.2.2
STAGE 3: Development of perched water table 0.92
If it is assumed that a perched water table develops at the same arbitrarily set infiltration
depth, z, then for a uniform, isotropic and homogenous soil susceptible to failure by the
development of a perched water table, the potential failure surface is likely to lie at the
bottom of the water table which is the maximum water infiltration depth and zf = z,.
This is the location where the factor of safety in the slope would first decrease to a value
of one. This is further confirmed by Figure 6.34. The mean pore pressure at a depth of
Zf from the ground surface is given by:
u, = Zfyw cos 2  (6.24)
The factor of safety at this depth is given by:
F = n+ a ytan (6.25)
yszf sinpcosp tanP y, tan s
While the factor of safety for the failure criterion as suggested by Fredlund, Morgenstern
and Widger, (1978) was obtained by substituting 4' with *b in the case of the surface
saturation, this cannot be done for the case of the perched water table. Although the
failure surface does lie above the main water table, the wetted zone above the wetting
front must have reached complete saturation for positive pore pressures to develop. The
actual failure surface would lie at the bottom of the perched water table and so 4'should
be used. It has been suggested in the literature that the angle 4 b be used in the water term
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tan*'T,. This can lead to errors in the water term T, which are proportional to t . In the
tan*)b
case where *b << 'the water term can be underestimated leading to unconservative
factors of safety. The factor of safety is therefore overestimated if *) is used and for
slopes susceptible to failure by perched water table this error may be significant.
If the factor of safety as given by Equation (6.25) is reduced to one as a perched water
table develops at a particular infiltration depth, then landsliding will be initiated.
Failure by the development of a perched water table represents the third
mechanism of landsliding as the slope gets saturated from its surface downwards.
If a perched water table develops at the infiltration depth z, and the factor of safety stays
above one, then the slope would remain stable. After the cessation of the rainfall event
the elevated pore pressures in the transient perched water table will dissipate with time
under the influence of percolation and evaporation from the surface and the initial
conditions may or may not be reestablished in the slope.
Figure 6.35 shows the variation of the factor of safety in the slope as a function of the
water infiltration depth z, assuming that a perched water table develops and zf = z,.
Also shown for comparison purposes is the variation of the factor of safety due to an
advancing wetting front. If at any depth of infiltration of the wetting front, a perched
water table develops Figure 6.35 shows the change in factor of safety at that particular
depth. It has to be kept in mind that the conditions from which Figure 6.35 has been
derived are lower (advancing wetting front) and upper (perched water table) bound values
of the factor of safety because of the assumptions made. So, the factor of safety at any
time can lie anywhere in between these bounding values.
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Figure 6.35 Variation of factor of safety with infiltration depth, z, (assuming zf=z,) for the case of the
development of a perched water table at any depth above the main water table
For the slope considered, it can be seen from Figure 6.35 that if a perched water table
develops at an infiltration depth of zs = 6 m, then the factor of safety in the slope would
drop to one and failure would be initiated. This means that if a wetting front advances
into the slope to a depth of at least 6 m, and a perched water table develops at this depth,
then landsliding would be initiated in the slope and the depth to the failure surface would
be zf = 6 m. [For detailed numerical results of the analyses see Tables B- 12 and B- 13 in
Appendix B].
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6.3 SUMMARY
In summary, the preceding section dealt with the main mechanisms of landsliding as the
saturation of a slope takes place from above by infiltrating rainwater. The situations
detailed above describe successive phases that the soil goes through with time during a
rainfall event. Landsliding may be initiated during any one of these phases, namely:
PHASE I: NEAR SURFACE SATURATED SOIL ZONE
When it first rains onto the slope, a saturated zone near the surface of the slope develops
where O, = 0, and u = 0 . The simple reduction of the matric suction within the
infiltration depth z, where Of < 0, and u, < 0 may reduce the shear strength of the soil
sufficiently to initiate landsliding.
PHASE II: ADVANCING WETTING FRONT
After a saturated zone develops at the surface of the slope, the rainwater infiltrates into
the slope in the form of an advancing wetting front. The elimination of the matric suction
throughout the infiltration depth z, where O, = 0, and uw = 0 may reduce the shear
strength of the soil sufficiently to initiate landsliding.
With persisting rainfall, and depending on site-specific conditions, the advancing wetting
front may infiltrate into the slope to join the main water table causing it to rise, or may
lead to the development of a perched water table.
PHASE III-1: RISING WATER TABLE
Where conditions are favorable, the wetting front may migrate deep enough into the slope
to join the water table subsequently causing it to rise. The potential failure surface would
be at the soil-bedrock interface and the rise in the water table may reduce the shear
strength of the soil sufficiently to initiate landsliding along the interface.
PHASE 111-2: DEVELOPMENT OF A PERCHED WATER TABLE
Depending on the local conditions, a perched water table may develop above a hydraulic
conductivity heterogeneity after the wetting front has migrated a certain distance into the
slope. The development of positive pore pressures within the perched water table u, > 0
may reduce the shear strength of the soil sufficiently to initiate landsliding.
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A simple flow chart showing these successive phases is shown in Figure 6.36:
Figure 6.36 Simplified flow chart showing successive phases a slope goes through during rainfall event
along with corresponding failure mechanisms
The slope can fail during each one of these stages, leading to almost distinguishable
landslide failure mechanisms. It is very clear that a major limitation to this discussion is
that the process of infiltration is continuous implying that no such simplified distinctions
can be made in the field for the phases a slope would go through. The hydrologic
response of a slope to a particular rainstorm event and the ensuing infiltration process is
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extremely complex, making it very difficult to predict the pore pressures that may
develop in the subsurface. Nevertheless, three limiting subsurface pore pressure
distributions in the otherwise unsaturated zone of the soil have been considered and are
shown in Figure 6.37 giving rise to three corresponding mechanisms of landsliding with
shallow failure surfaces, namely:
a. Saturation of a near surface zone of soil
b. Advancing wetting front
c. Development of a perched water table
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U
Wetted zone
Unsaturated
zone
*
depth, zs
7W
_ _ -_ _ _ _ 
_ _ _|Water Table
III:
Figure 6.37 Idealized pore pressure distributions for limiting cases considered for landsliding in the
unsaturated zone of the soil
It is obviously difficult to make such a clear cut distinction between what can be
considered to be failure by the saturation of the surface, an advancing wetting front and
the development of a perched water table, and landsliding may and usually does take
place by typically more complex failure mechanisms.
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If the slope does not fail during these stages, then landsliding is not initiated and slope
will remain stable throughout the rainfall event. So, when slopes are gentle, with
favorable local conditions, it is possible that many slopes will not fail even under extreme
rainfall events. For susceptible slopes however, there exists a critical thickness of the
zone of saturation for which the slope may become unstable and landsliding may be
initiated. The mechanism of landsliding depends on the specific local characteristics. An
important result of the numerical analyses performed on the two hypothetical slopes
throughout this chapter is that landsliding in slopes with relatively shallow bedrock depth
typically occur along the soil-bedrock interface as a result of a rising water table (Section
6.1). Landsliding in slopes with great bedrock depths on the other hand can occur either
at relatively shallow depths due to the infiltrating rainwater, or at greater depths along the
soil-bedrock interface due to a rise in the water table (Section 6.2).
For the case of an infinite slope that can be modeled in one-dimension, formulating
the factor of safety as a function of depth as has been done throughout this chapter,
represents the spatial component of the hazard associated with landsliding.
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CHAPTER 7
COMBINED STABILITY AND HYDROLOGICAL MODELING
Chapter 4 dealt with some of the basic flow principles involved during the infiltration
process as it rains onto a slope and distinguished between two cases by which the soil in
the unsaturated zone of the slope can reach saturation. This can be done using
hydrological models with varying complexities ranging from simple one-dimensional
models to more complex two- and three-dimensional models. When saturation of a slope
takes place from the surface downwards, Section 4.1.1 presented a widely used one-
dimensional hydrologic model, namely the Green & Ampt (1911) model to quantify the
potential rate of infiltration into a soil. The time required to saturate the soil, z, can be
estimated using the model. Furthermore, the model allows for the determination of
minimum rainfall characteristics in terms of intensity and duration that are capable of
saturating the soil to the depth z,.
Chapter 6 dealt with quantitative stability analyses that enabled the factor of safety to be
formulated as a function of depth by adopting the infinite slope stability model for three
assumed failure mechanisms where the failure surface lies in the upper unsaturated zone
of a slope. These mechanisms correspond to successive stages the slope goes through
during a rainfall event as a slope gets saturated from its surface downwards:
a. Saturation of a near surface zone of soil (see Section 6.2.1)
b. Advancing wetting front (see Section 6.2.2)
c. Development of a perched water table (see Section 6.2.3)
For any arbitrarily set infiltration depth, failure by an advancing wetting front can only
occur if the slope has survived saturation of the surface, and similarly for failure by a
perched water table to occur, the slope must have survived both surface saturation and the
advancing wetting front.
The infinite slope stability model can be combined with the Green & Ampt (1911)
hydrologic model to determine the factor of safety for an assumed landslide mechanism
as a function of both the depth, z below the ground surface, along with the time
necessary to saturate the soil to that depth. By doing so, the spatial and the temporal
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hazards of landsliding in a slope can be assessed. If at any depth zf the factor of safety
drops to one, then at least theoretically landsliding would be initiated in the slope and that
depth would correspond to the depth to the failure surface. Alternatively, this can be
thought of as a critical saturation depth that if reached and under the assumption of the
coincidence of zf and z,, landsliding will be initiated in the slope. If this does take place
in a particular slope, then both the landsliding mechanism the slope is most susceptible to
and the corresponding failure surface depth can be determined keeping in mind the
successive phases the slope goes through with time. The minimum time required to
saturate the soil to the depth z. = Zf can be determined using the Green & Ampt (1911)
model and can be thought of as an estimate to the time to landsliding in the slope,
TFAm . The Green & Ampt (1911) model also allows for the definition of a rainfall-
induced landslide initiation threshold in terms of intensity and duration of the
triggering event. Any rainfall event with a combination of intensity and duration greater
than the threshold would be capable of saturating a soil, with given properties, to the
critical depth zf and would initiate landsliding in the slope. The probability that a
triggering rainfall will occur can then be determined from the intensity distribution of the
local rainfall records. This probability represents the temporal hazard therefore the
temporal hazard of landsliding can be assigned a quantitative value.
In brief, if a critical depth zf at which the factor of safety in the slope is one has been
determined using relevant stability analyses, combinations of rainfall intensity and
duration that are capable to saturate the slope to the depth zf can be determined using the
Green & Ampt (1911) model, thereby defining a rainfall-induced landslide initiation
threshold for the slope. Moreover, the time to saturate the soil to the depth zf can be
estimated using the hydrologic model.
HYDROLOGICAL MODELING OF HYPOTHETICAL SLOPE
To illustrate these concepts numerically, consider the same hypothetical slope dealt with
throughout Chapter 6, with properties in Table 6.2. In addition, the assumed physical and
hydrologic properties of the soil are shown in Table 7.1.
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Table 7.1 Assumed physical and hydrologic properties of soil
Soil Properties
Saturated Hydraulic Conductivity (m/s) K, 5x10-6
Porosity 1 0.4
Antecedent (in-situ) moisture content 0, 0.1
The same assumptions as those made by the Green & Ampt (1911) model have been
made for the numerical computations on the slope. Additionally, it has been assumed that
the initial moisture content of the soil is 0, = 0.1 (Table 7.1). As indicated in Section
4.1.1, the Green & Ampt (1911) model requires an estimate of the assumed constant
wetting front soil matric suction head v just in front of the wetting front (see Figure
4.1.5). A mean suction head value of x =75 cm has been adopted assuming the soil is
sandy clay. This value has been selected from the suggested parameters published by the
American Society of Agricultural Engineers [see Table A-1 in Appendix A]. Variations
to the assumed initial moisture content will be introduced in a later Section. The assumed
saturated hydraulic conductivity of the soil K, = 5 x 10-4 cm/s and the soil would thus fall
into a class of 'low' degree of permeability according to the Terzaghi and Peck (1967)
classification scheme of soils according to their coefficients of permeability.
Having made the above assumptions, the time required to saturate the slope with the
properties shown in Tables 6.2 and 7.1 to a particular infiltration depth z, can be
computed and is shown in Figure 7.1.
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Figure 7.1 Time required to saturated soil to a depth z,, as estimated by Green & Ampt (1911) model
Figure 6.32 showed the variation of the factor of safety in the slope as a function of the
water infiltration depth z, for both an advancing wetting front and for a perched water
table and it was concluded that the slope is susceptible to landsliding by the development
of a perched water table at a depth of 6 m.
COMBINED STABILITY AND HYDROLOGIC MODELING OF
HYPOTHETICAL SLOPE
By combining the infinite slope stability model with the Green & Ampt (1911)
infiltration model, it is possible to plot the factor of safety in the slope for both cases as a
function of the infiltration depth z, and the time elapsed after ponding, assuming that the
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depth to any potential failure surface zf = z,. This has been done for the hypothetical
slope and is shown in Figure 7.2, which compares the change in factor of safety in the
slope with time to the original factor of safety prior to any rainfall.
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Figure 7.2 Variation of factor of safety as a function of both time and infiltration depth, z,
10
From Figures 7.1 and 7.2, it can be seen that the time required to saturate the soil to the
critical saturation depth of 6 m is about 70 hours. This represents an approximation to the
minimum time to landsliding after the onset of a particular rainfall event given that the
rainfall characteristics are such that saturation to 6 m will be accomplished. Not all
rainfall events will be capable of saturating the slope to the critical depth of
z, = z, = 6 m. Minimum combinations of rainfall intensity and duration that are capable
of doing so can determined using the Green & Ampt (1911) model and are shown in
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Figure 7.3. By performing these computations, Figure 7.3 defines a rainfall intensity-
duration threshold for this particular hypothetical slope.
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Figure 7.3 Logarithmic plot of rainfall intensity-duration threshold for hypothetical slope
[For detailed numerical results of the analyses see Tables B- 14 and B- 15 in Appendix B].
Now if local rainfall records were available, then the probability that a rainfall event will
occur with characteristics lying above the threshold (as in Figure 7.3) can be determined,
hence the temporal hazard of landsliding.
In conclusion, a systematic landslide hazard assessment has been performed on the
hypothetical slope that enables one to quantitatively determine both the spatial and
temporal hazards of landsliding.
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CHAPTER 8
LIMITATIONS OF A DETERMINISTIC APPROACH
Thus far, the quantification of landslide hazard has been performed within a deterministic
framework. The input parameters in the stability model (soil strength parameters,
geometric parameters, etc) and the hydrological model (hydraulic conductivity, initial
moisture content, etc) have been assumed to be known deterministically. By adopting
appropriate values for these parameters, say in the stability model for example, the spatial
component of the hazard could be quantified by obtaining one value for the factor of
safety at any particular depth. However, as a general principle, any quantitative landslide
hazard assessment has to be made under conditions of uncertainty because future events
that may trigger landslides, rainstorms for example cannot be forecast with certainty.
Uncertainty also arises because of insufficient information about site conditions and
incomplete understanding of landslide mechanisms. These uncertainties prevent accurate
predictions of landslide occurrence and have to be properly assessed.
8.1 SOURCES OF UNCERTAINTY
The following sources of uncertainty are commonly encountered in geotechnical
engineering (after Einstein and Baecher, 1982):
a. Future environmental conditions
Future loads and environmental conditions cannot be predicted with certainty. For
example, the pore water pressures and seepage forces that will be generated during a
future rainstorm of given intensity and duration can only be estimated on a probabilistic
basis and expressed as the probability that the pore pressures will exceed a given value.
b. Site conditions
The second source of uncertainty concerns site conditions. The geological subsurface is
spatially variable in that it is composed of different soil types which are stratified,
truncated and in other ways separated into discrete zone. In addition, within an apparently
homogenous soil layer, spatial variability is brought about by anisotropies in soil
properties. Although this type of uncertainty can be precisely characterized with a
134
sufficient number of observations, the fact is that only a limited number of observations
can be realized. This requires the engineer to make extrapolations from soil types
observed at some locations and to make inferences about the soil types where no
observations are made. Such extrapolations usually involve a large degree of uncertainty.
In addition, uncertainty due to measuring and estimating engineering properties is
introduced by sample disturbance, random procedural effects, bias errors, model
adequacy and statistical fluctuations. These errors each have random and systematic
components, and many are well studied. Random errors are presumed to have a mean of
zero and to be independent from one test to the next. Bias errors introduce deviations
which are systematically of the same trend. Statistical fluctuations are caused by finite
sample sizes i.e. number of measurements and the variation of properties from one set of
measurements to another.
c. Model uncertainty
The third source of uncertainty involves the use of analytical models which contain errors
resulting from the theories assumed to apply to the physical processes being studied,
boundary and initial conditions which must be chosen and errors introduced by numerical
or mathematical approximations. For example, the linear Coulomb failure criterion is
frequently assumed to relate the shear stress to the normal effective stress at failure.
Model uncertainty is particularly relevant to the study of landslides. Each landslide is an
individual and unique event and significant geological detail often only comes to light
after failure. Analytical models commonly used in landslide analyses include those for
stability analyses and hydrological models as outlined in Chapters 4 and 6. The
assumptions and idealizations made by these models exemplify model uncertainty when
assessing landslide hazard.
There is a fourth source of uncertainty, that caused by important factors which have been
left out of the analyses i.e. omissions. Omissions refer to the failure by the engineer to
consider possible modes of failure or factors that could affect performance. In any
engineering study, one can never know what has been left out of an analysis because the
complexity of the real world involves properties and interrelationships that can never be
entirely identified. Good engineering practice should try to reduce omissions to the
greatest extent possible since these cannot be dealt with formally.
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8.2 UPDATING UNCERTAINTY
In view of these uncertainties involved in the various stages of landslide hazard
assessment, it is frequently necessary to revise estimates of site conditions and slope
performance as more information becomes available. This revision is the essence of the
observational approach (Terzaghi, 1961; Peck, 1969). Updating information on the basis
of new observations can be modeled via Bayes' theorem:
P"(0 I Z)= kt(Z I 6)P'(01 ) (8.1)
where:
P'(0 1) is the a priori probability, which is the probability that state 0 is
0, before the new observation
P" (0 Z) is the a posteriori probability which is the probability that state 0 is
0, given the observed information Z.
I(Z 01) is the likelihood function which is the probability of observing the
results Z given that state 0 is 0,
k is a normalization constant needed to make the sum of the
probabilities over the range of all possible states 0 equal to 1.
The state 0 may be used to represent an unknown parameter, such as the mean of the
probability distribution of a random variable. Moreover, the state 0 can be a continuous
random variable, in which case the probabilities in Equation (8.1) are replaced by their
corresponding probability density functions. Therefore, Bayes' theorem presents a very
convenient means for combining observational information with professional opinion,
quantified as subjective probabilities. In the context of landsliding, this provides a
convenient tool for updating landslide hazard, by updating rainfall initiation thresholds
whether established deterministically or empirically for that matter, by the addition of
subsequent rainstorms that have observed to cause landsliding, thereby refining the
threshold.
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8.3 ASSESSING AND QUANTIFYING UNCERTAINTY
The performance function of a geotechnical system, a slope in this case is expressed as a
function of controlling factors which include soil strength, precipitation, etc. Throughout
the preceding Chapters, the conventional factor of safety was used as the performance
function that which presents a measure of the reliability of a slope. Failure is assumed to
take place when the factor of safety falls below a threshold value equal to one. The factor
of safety is however a function of many parameters that will contain errors because of the
uncertainties described in Section 8.1, and should be considered as random variables. If
the infinite slope stability model with the Coulomb failure criteria were used for stability
analyses, then the factor of safety at a depth z can be expressed as:
F = c'+(ySzcos2 p -u)tan<' (8.2)
y7,zsin p cos p
This becomes the performance function of the slope and failure is assumed to take place
when F <1. More generally, the performance function, is a function G(X ,X2,...,X.)of
the random variables, X1 ,,X 2 ,..., Xn, which represent the random variables affecting the
stability of a slope.
The relative effects of the uncertainties in each random variable can be assessed and
quantified through their influence on the performance function of the slope. This can be
done by either performing sensitivity analyses or more formally using probabilistic
analyses depending on the availability of data.
8.3.1 SENSITIVITY ANALYSES
In the case where the factor of safety is used as the performance function of the slope,
then a sensitivity analysis can be performed to investigate the influence of the soil
strength parameters, soil thickness, depth to the water table and the geometric slope
properties on the factor of safety in Equation (8.2). In the case of rainfall-induced
landslides, it is of particular interest to investigate the effects of the pore pressures and
seepage forces generated during a rainstorm. Prior to any rainfall, the idealized
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subsurface pore pressures for an infinite slope vary linearly with depth and are a function
of the thickness of the soil layer, the depth to the water table and the assumed seepage
flow angle. As it rains onto a slope, the subsurface pore pressures are altered and
landsliding may take place by any one the failure mechanisms discussed in Chapter 6.
The type of failure mechanism will be governed by the thickness of the soil layer,
expressed by the depth to the bedrock, amongst other factors. For small layer thicknesses
failure is likely to take place by a rise in the water table. However, if the thickness of the
layer increases, with all other factors constant then failure may take place in the
unsaturated zone of the slope. So, for a slope with given properties, there may exist a
critical thickness of the soil layer that could determine the mechanism by which
landsliding may take place. In spite of this, no attempt has been made in this study to
further investigate the effects of the soil layer thickness on the factor of safety and hence
the potential landslide mechanism.
8.3.2 PROBABILISTIC ANALYSES
Sensitivity analyses are only partially satisfactory since the uncertainties involved are not
systematically quantified and incorporated into the hazard assessment process. This can
be achieved within a probabilistic framework while maintaining the basic deterministic
models. Probability theory and the statistical techniques deriving from it provide a formal
calculus for describing uncertainties, modeling the relationships among uncertain
quantities and drawing inferences from limited observations. Theoretically, the
probability density function of each random variable can be used to derive the probability
density function of the performance function which is then used to calculate failure
probabilities, defined as the probability that the performance function has a value below
its threshold value. Considering the factor of safety F(X) as the performance function,
then the threshold value is 1 and the probability of failure, Pf may be defined as:
Pf = P[F(X) <1] (8.3)
The probability of success or the reliability, P, is the complement of Pf and:
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P, =1- Pf (8.4)
The determination of closed-form solutions for the probability distribution function of the
performance function presents quite considerable mathematical difficulties, which are in
part related to the unknown distribution functions of the random variables and in part to
the degree of interdependence of the variables. Consequently, the majority of solutions
characterize the probability distribution function of F(X) by its mean or expected value,
E[F(X)] and its standard deviation, 
-F'
The most frequently used method of analysis is the first-order second moment (FOSM)
method (Ang and Tang, 1975). The first order second moment method (FOSM) is a
convenient method to estimate the mean and variance of the performance variable,
Y = G(X,,X2,..., X.), such as the factor of safety, in terms of the means and variances
of each of the random variables X . Using a Taylor's series expansion of
Y = G(XI, X2,..., X.) and linearizing the function about the mean values of the random
variables, the following relations are obtained:
E[Y] G(E[XI], E[X 2 ],..., E[Xn]) (8.4)
"i " OG BG "
Var(Y) ~ Ga Cov(Xi, Xj) (8.5)
where:
E[Xi] is the expected or mean value of Xi
E[Y] is the expected or mean value of Y
Var[Y] is the variance of Y
Cov(Xi,Xj) is the covariance of Xi and Xj
In Equation (8.5), 1m indicates that he partial derivatives are evaluated at the mean values
of Xi, Xi.
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When the parameters are all mutually exclusive, Equation (8.5) reduces to:
2
Var(Y) ~ a Var(X1 ) (8.6)
i=I (lxi m)
The simple relationships in Equations (8.4) through (8.6) can be used to estimate the
mean and variance of a soil property, such as its strength parameters because of
uncertainties about various input parameters and test conditions. Similarly, the mean and
variance of the resistance along a potential failure surface due to uncertainty about the
shear strength of the soil can be estimated. When the performance variable, Y is the
factor of safety, it is commonly assumed that the factor of safety follows a lognormal
distribution and hence failure probabilities can be calculated from Pf = P[Y <1].
The FOSM procedure provides probability estimates that are only approximate in most
cases. When more accurate estimates of reliability and failure probabilities are required,
first-order reliability (FORM) and second-order reliability (SORM) methods can be
applied (Ang & Tang, 1984). When the system performance function becomes too
complex for analytical solutions, Monte Carlo simulations can be used to evaluate
reliability. This procedure consists of solving a deterministic problem many times to
build up a statistical distribution of the performance function and hence failure
probabilities can be estimated.
THE RELIABILITY INDEX
Instead of the probability of failure, the safety of a slope can be expressed by a reliability
index, P (Hasofer & Lind, 1974) where:
_ E[F(X)] -1 (8.7)
o-F
where:
E[F(X)] -1 is the margin of safety
Geometrically, the numerator can be interpreted as the minimum distance between the
expected value of the factor of safety and its threshold value of 1. When this distance is
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divided by aF , the margin of safety becomes relative to the uncertainty about the factor
of safety and P is a measure of safety while taking the magnitude of the uncertainties into
account. Furthermore, the reliability index in Equation (8.7) can be obtained directly
from the first two moments of F(X) and requires no assumptions about its probability
density function.
The rationale for the use of a probabilistic framework has been described briefly above.
However, it is important to consider the assumptions relevant to the particular
probabilistic approach used in the hazard assessment. In general, several assumptions
have to be made regarding:
a. The selected random variables to be included in the analysis
b. The probability distribution function of each of these variables
c. The degree of correlation between these variables
d. The probability distribution function of the performance function
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CHAPTER 9
CONCLUSIONS AND RECOMMENDATIONS
Landslide hazard can be systematically assessed. This is of human, social and economic
importance globally. This study has presented a method by which rainfall-triggered
landslide hazard can be assessed within a deterministic framework. A major result of the
assessment process is that, landsliding in slopes with relatively shallow depth to bedrock
typically occur along the soil-bedrock interface as a result of a rising water table whereas
landsliding in slopes with great depths to bedrock can occur either at relatively shallow
depths due to the infiltrating rainwater, or at greater depths along the soil-bedrock
interface due to a rise in the water table.
The deterministic approach has the advantage of allowing for the introduction of specific
site characteristics including soil properties and rainfall characteristics. This in turn
allows one to better define rainfall-triggering thresholds as a function of the local site
characteristics. Both the slope stability model and the hydrological model used are simple
models that attempt to describe typically much more complex phenomena. In light of the
various uncertainties involved, hazard assessment is partially complete if performed
deterministically. Uncertainties can be quantified systematically and formally
incorporated into the assessment process within a probabilistic framework while
maintaining the basic deterministic models. This represents the logical extension of the
decision analysis cycle for landslide risk assessment, or for any risk assessment for that
matter. The final phase of the risk assessment procedure would be to make the necessary
decisions and take corresponding actions.
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RECOMMENDATIONS
Quality data collection and storage of historic landslide events is of fundamental
importance to the improvement of the hazard assessment process. For this it is necessary
to combine all possible efforts for the development of comprehensive landslide databases.
Maximum use should be made of modem communication tools for the exchange of such
information. If properly organized, data collection, storage and exchange for the purpose
of evaluating landslide hazard can be both accurate and economical.
The reliability of rainfall-induced landslide initiation thresholds is highly dependent on
the available data whether obtained in the field, from laboratory experiments, or any
other source. Every attempt should be made to accompany such thresholds with the
reliability of the dataset from which they have been derived. Without proper calibration
and verification of such initiation thresholds, whether derived deterministically or using
any other method, with past and future landslide occurrences, the thresholds can be
rendered useless. Furthermore, such thresholds should be continuously updated by the
inclusion of future rainstorms that cause landsliding, thus improving the accuracy of the
threshold.
While in the future, remote sensing techniques and indirect approaches using
Geographical Information Systems are likely to play a valuable role in such assessments,
maximum use should be made of geological insights and geotechnical factors with regard
to the spatial and temporal patterns in the incidence of landslides.
Finally, the essential aim of a landslide hazard assessment is to reduce human suffering
and loss from landslides. Proper communication and cooperation with the public and with
decision makers is thus of crucial importance.
Despite recent efforts and advances in the field of natural risks and in the area of
landslides in particular, a comprehensive hazard assessment still remains a challenge.
This is due to the extreme complexity of the phenomena, which is reflected by an
incomplete understanding of the mechanisms involved. Moreover, the assessment process
is hindered by the typical lack of complete reliable landslide inventories.
The earth's surface is part of a dynamic system, evolving both progressively and
episodically through the actions of geological, geomorphological and meteorological
processes. Landslides form one aspect of this evolution, controlled by various physical
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laws operating amidst the great variety of geology, landforms and climate. In view of the
undoubted complexities involved, the task of assessing landslide hazard is formidable.
Nevertheless, given the very considerable losses, human and economic, there is a clear
responsibility to do all that can be done to anticipate and mitigate these hazards. Only by
bringing all the relevant disciplines in a fully integrated manner can this undertaking be
served.
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Table A-1 Green & Ampt (1911) parameters for various soil classes
Soil class Porosity, il Effective Wetting front Hydraulic
Porosity, 0 , soil suction conductivity,
head, yV (cm) K (cm/h)
Sand 0.437 0.417 4.95 11.78
(0.374-0.500) (0.354-0.480) (0.97-25.36)
Loamy sand 0.437 0.401 6.13 2.99
(0.363-0.506) (0.329-0.473) (1.35-27.94)
Sandyloam 0.453 0.412 11.01 1.09
(0.351-0.555) (0.283-0.541) (2.67-45.47)
Loam 0.463 0.434 8.89 0.34
(0.375-0.551) (0.334-0.534) (1.33-59.38)
Silt loam 0.501 0.486 16.68 0.65
(0.420-0.582) (0.394-0.578) (2.92-95.39)
Sandy clay loam 0.398 0.330 21.85 0.15
(0.332-0.464) (0.235-0.425) (4.42-108.0)
Clay loam 0.464 0.309 20.88 0.10
(0.409-0.519) (0.279-0.501) (4.79-91.10)
Silty clay loam 0.471 0.432 27.30 0.10
(0.418-0.524) (0.347-0.517) (5.67-131.50)
Sandy clay 0.430 0.321 23.90 0.06
(0.370-0.490) (0.207-0.435) (4.08-140.2)
Silty clay 0.479 0.423 29.22 0.05
(0.425-0.533) (0.334-0.512) (6.13-139.4)
Clay 0.475 0.385 31.63 0.03
(0.427-0.523) (0.269-0.501) (6.39-156.5)
Note: The numbers in parentheses below each parameter are one standard deviation around the parameter
value given.
Source: American Society of Agricultural Engineers, 1983.
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Table B-i Variation of factor of safety along soil-bedorck interface with a rising water table
Depth to soil- Depth to Depth to Height of m=[h,/H Ah. (m) New depth Ah/h., Ah,/H New Original Change in New pore Components of Original Factor of Original Components of Factor of Safety Factor of
bedrock water table, bedrock, water to water m=[h.+Dh., pore pore pressure Safety Factor of safety
interface (m) z, (m) H (i) table, h,. table (m) /H pressure pressure on failure Safety
(m) on failure on failure surface
surface surface (kN/m 2)
(kN/m2) (kN/m 2) T, T, T. T, Tr T.
2 1 2 1 0.5 0 1 0 0 0.5 7.3569232 0 7.3569232 0.4329788 1 -0.24525 1.1877288 0.4329788 1 -0.24525 1.1877288
2 1 2 1 0.5 0.05 0.95 0.05 0.025 0.525 7.3569232 0.3678462 7.7247694 0.4329788 1 -0.24525 1.1877288 0.4329788 1 -0.257513 1.1754663
2 1 2 1 0.5 0.1 0.9 0.1 0.05 0.55 7.3569232 0.7356923 8.0926155 0.4329788 1 -0.24525 1.1877288 04329788 1 -0.269775 1.1632038
2 1 2 1 0.5 0.15 0.85 0.15 0.075 0.575 7.3569232 1.1035385 8.4604617 0.4329788 1 -0.24525 1.1877288 0.4329788 1 -0.282038 1.1509413
2 1 2 1 0.5 0.2 0.8 02 0.1 0.6 7.3569232 1.4713846 8.8283078 0.4329788 1 -0.24525 1.1877288 0.4329788 1 -0.2943 1.1386788
2 1 2 1 0.5 0.25 0.75 0.25 0.125 0.625 7.3569232 1.8392308 9.196154 0.4329788 1 -0.24525 1.1877288 0.4329788 1 -0.306563 1.1264163
2 1 2 1 0.5 0.3 0.7 0.3 0.15 0.65 7.3569232 2.207077 9.5640002 0.4329788 1 -0.24525 1.1877288 0.4329788 1 -0.318825 1.1141538
2 1 2 1 0.5 0.35 0.65 0.35 0.175 0.675 7.3569232 2.5749231 9.9318463 0.4329788 1 -0.24525 1.1877288 04329788 1 -0.331088 1.1018913
2 1 2 1 0.5 0.4 0.6 0.4 0.2 0.7 7.3569232 2.9427693 10.299692 0.4329788 1 -0.24525 1.1877288 0.4329788 1 -0.34335 1.0896288
2 1 2 1 0.5 0.45 0.55 0.45 0.225 0.725 7.3569232 3.3106154 10.667539 0.4329788 1 -0.24525 1.1877288 0.4329788 1 -0.355613 1,0773663
2 1 2 1 0.5 0.5 0.5 0.5 0.25 0.75 7.3569232 3.6784616 11.035385 0.4329788 1 -0.24525 1.1877288 0.4329788 1 -0.367875 1.0651038
2 1 2 1 0.5 0.55 0.45 0.55 0.275 0.775 7.3569232 4.0463078 11.403231 0.4329788 1 -0.24525 1.1877288 0.4329788 1 -0.380138 1.0528413
2 1 2 1 0.5 0.6 0.4 0.6 0.3 0.8 7.3569232 4.4141539 11.771077 0.4329788 1 -0.24525 1.1877288 0.4329788 1 -0.3924 1.0405788
2 1 2 1 0.5 0.65 0.35 0.65 0.325 0.825 7.3569232 4.7820001 12.138923 0.4329788 1 -0.24525 1.1877288 0.4329788 1 -0.404663 1.0283163
2 1 2 1 0.5 0.7 0.3 0.7 0.35 0.85 7.3569232 5.1498462 12.506769 0.4329788 1 -0,24525 1.1877288 0.4329788 1 -0.416925 1.0160538
2 1 2 1 0.5 0.75 0.25 0.75 0.375 0.875 7.3569232 5.5176924 12.874616 0.4329788 1 -0.24525 1.1877288 0.4329788 1 -0.429188 1.0037913
2 1 2 1 0.5 0.8 0.2 0.8 0.4 0.9 7.3569232 5.8855386 13.242462 0.4329788 1 -0.24525 1.1877288 0.4329788 1 -0.44145 0.9915288
2 1 2 1 0.5 0.85 0.15 0.85 0.425 0.925 7.3569232 6.2533847 13.610308 0.4329788 1 -0.24525 1.1877288 0.4329788 1 -0.453713 0.9792663
2 1 2 1 0.5 0.9 0.1 0.9 0.45 0.95 7.3569232 6.6212309 13.978154 0.4329788 1 -0.24525 1.1877288 0.4329788 1 -0.465975 0.9670038
2 1 2 1 0.5 0.95 0.05 0.95 0.475 0.975 7.3569232 6.989077 14,346 0.4329788 1 -0.24525 1.1877288 0.4329788 1 -0.478238 0.9547413
2 1 2 1 0.5 1 0 1 0.5 1 7.3569232 7.3569232 14.713846 0.4329788 1 -0.24525 1.1877288 0.4329788 1 -0.4905 0.9424788
tJI
Table B-2 Variation of factor of safety with depth for a given rise in the water table Ah,=0.75 m
Depth, z (m) Depth to Depth to Height of Ah, (m) New depth m=[h,/H] New Original New pore Components of Original Factor of Original Components of Factor of Safety Factor of
water table, bedrock, H water to water mI=h,+Dh,] pore pressure on Safety Factor of safety
z, (M) (m) table, h, table (m) /H pressure on failure Safety
(M) failure surface Tc Tf T, T T,
surface (kN/m2)
(kN/nm)
0.1 1 2 1 0.75 0.25 0.5 0.875 -6.62123088 -1.10353848 8.6595753 1 4.4145 14.074075 8.6595753 1 0.73575 10.395325
0.2 1 2 1 0.75 0.25 0.5 0.875 -5.88553856 -0.36784616 4.3297876 1 1.962 7.2917876 4.3297876 1 0.122625 5.4524126
0.3 1 2 1 0.75 0.25 0.5 0.875 -5.14984624 0.36784616 2.8865251 1 1.1445 5.0310251 2.8865251 1 -0.08175 3.8047751
0.4 1 2 1 0.75 0.25 0.5 0.875 -4.41415392 1.10353848 2.1648938 1 0.73575 3.9006438 2.1648938 1 -0.183938 2.9809563
0.5 1 2 1 0.75 0.25 0.5 0.875 -3.6784616 1.8392308 1.7319151 1 0.4905 3.2224151 1.7319151 1 -0.24525 2.4866651
0.6 1 2 1 0.75 0.25 0.5 0.875 -2.94276928 2.57492312 1.4432625 1 0.327 2.7702625 1.4432625 1 -0.286125 2.1571375
0.7 1 2 1 0.75 0.25 0.5 0.875 -2.20707696 3.31061544 1.2370822 1 0.2102143 2.4472965 1.2370822 1 -0.315321 1.9217608
0.8 1 2 1 0.75 0.25 0.5 0.875 -1.47138464 4.04630776 1.0824469 1 0.122625 2.2050719 1.0824469 1 -0.337219 1.7452282
0.9 1 2 1 0.75 0.25 0.5 0.875 -0.73569232 4.78200008 0.962175 1 0.0545 2.016675 0.962175 1 -0.35425 1.607925
1 1 2 1 0.75 0.25 0.5 0.875 -8.1678E-16 5.5176924 0.8659575 1 5.446E-17 1.8659575 0.8659575 1 -0.367875 1.4980825
1.1 1 2 1 0.75 0.25 0.5 0.875 0.73569232 6.25338472 0.7872341 1 -0.044591 1.7426432 0.7872341 1 -0.379023 1.4082114
1.2 1 2 1 0.75 0.25 0.5 0.875 1.47138464 6.98907703 0.7216313 1 -0.08175 1.6398813 0.7216313 1 -0.388313 1.3333188
1.3 1 2 1 0.75 0.25 0.5 0.875 2.20707696 7.72476935 0.6661212 1 -0.113192 1.5529289 0.6661212 1 -0.396173 1.2699481
1.4 1 2 1 0.75 0.25 0.5 0.875 2.94276928 8.46046167 0.6185411 1 -0.140143 1.4783982 0.6185411 1 -0.402911 1.2156304
1.5 1 2 1 0.75 0.25 0.5 0.875 3.6784616 9.19615399 0.577305 1 -0.1635 1.413805 0.577305 1 -0.40875 1.168555
1.6 1 2 1 0.75 0.25 0.5 0.875 4.41415392 9.93184631 0.5412235 1 -0.183938 1.357286 0.5412235 1 -0.413859 1.1273641
1.7 1 2 1 0.75 0.25 0.5 0.875 5.14984624 10.6675386 0.5093868 1 -0.201971 1.3074162 0.5093868 1 -0.418368 1.0910191
1.8 1 2 1 0.75 0.25 0.5 0.875 5.88553856 11.403231 0.4810875 1 -0.218 1.2630875 0.4810875 1 -0.422375 1.0587125
1.9 1 2 1 0.75 0.25 0.5 0.875 6.62123088 12.1389233 0.4557671 1 -0.232342 1 5 1 0.4557671 1 -0.425961 1.0298066
2 1 2 1 0.75 0.25 0.5 0.875 7.35692319 12.8746156 0.4329788 1 -0.24525 1.1877288 0.4329788 1 -0.429188 1.0037913
Table B-3 Variation of factor of safety with depth for hydrostatic conditions assuming Coulomb failure criterion
Depth, z Depth to Depth to Height of m=[h,/H] Height above (z,-z)/z, Assumed Components of Factor of Safety Factor of
(m) water table, bedrock, H water water table = pore TC Tf T, safety, F
z, (m) (m) table, h, (z. - z) (m) pressure
(m) (kN/m2)
0.1 10 15 5 0.33 9.9 0.99 -72.83354 28.865251 1 48.5595 78.424751
1 10 15 5 0.33 9 0.9 -66.21231 2.8865251 1 4.4145 8.3010251
2 10 15 5 0.33 8 0.8 -58.85539 1.4432625 1 1.962 4.4052625
3 10 15 5 0.33 7 0.7 -51.49846 0.962175 1 1.1445 3.106675
4 10 15 5 0.33 6 0.6 -44.14154 0.7216313 1 0.73575 2.4573813
5 10 15 5 0.33 5 0.5 -36.78462 0.577305 1 0.4905 2.067805
6 10 15 5 0.33 4 0.4 -29.42769 0.4810875 1 0.327 1.8080875
7 10 15 5 0.33 3 0.3 -22.07077 0.4123607 1 0.2102143 1.622575
8 10 15 5 0.33 2 0.2 -14.71385 0.3608156 1 0.122625 1.4834406
9 10 15 5 0.33 1 0.1 -7.356923 0.320725 1 0.0545 1.375225
10 10 15 5 0.33 0 0 0 0.2886525 1 0 1.2886525
11 10 15 5 0.33 -1 -0.1 7.3569232 0.2624114 1 -0.044591 1.2178205
12 10 15 5 0.33 -2 -0.2 14.713846 0.2405438 1 -0.08175 1.1587938
13 10 15 5 0.33 -3 -0.3 22.07077 0.2220404 1 -0.113192 1.1088481
14 10 15 5 0.33 -4 -0.4 29.427693 0.2061804 1 -0.140143 1.0660375
15 10 15 5 0.33 -5 -0.5 36.784616 0.192435 1 -0.1635 1.028935
Table B-4 Variation of factor of safety with depth for hydrostatic conditions assuming Fredlund et al. (1978) failure criterion
Depth, z Depth to Depth to Height of m=[h,,/H] Height above (z,-z)/z, Assumed Components of Factor of Safety Factor of
(m) water table, bedrock, H water water table = pore TC Tf T, safety, F
z, (m) (m) table, h, (z. - z) (m) pressure
(m) (kN/m2)
0.1 10 15 5 0.33 9.9 0.99 -72.83354 28.865251 1 41.021673 70.886924
1 10 15 5 0.33 9 0.9 -66.21231 2.8865251 1 3.729243 7.6157681
2 10 15 5 0.33 8 0.8 -58.85539 1.4432625 1 1.6574413 4.1007039
3 10 15 5 0.33 7 0.7 -51.49846 0.962175 1 0.9668408 2.9290158
4 10 15 5 0.33 6 0.6 -44.14154 0.7216313 1 0.6215405 2.3431718
5 10 15 5 0.33 5 0.5 -36.78462 0.577305 1 0.4143603 1.9916654
6 10 15 5 0.33 4 0.4 -29.42769 0.4810875 1 0.2762402 1.7573277
7 10 15 5 0.33 3 0.3 -22.07077 0.4123607 1 0.177583 1.5899437
8 10 15 5 0.33 2 0.2 -14.71385 0.3608156 1 0.1035901 1.4644057
9 10 15 5 0.33 1 0.1 -7.356923 0.320725 1 0.04604 1.366765
10 10 15 5 0.33 0 0 0 0.2886525 1 0 1.2886525
11 10 15 5 0.33 -1 -0.1 7.3569232 0.2624114 1 -0.044591 1.2178205
12 10 15 5 0.33 -2 -0.2 14.713846 0.2405438 1 -0.08175 1.1587938
13 10 15 5 0.33 -3 -0.3 22.07077 0.2220404 1 -0.113192 1.1088481
14 10 15 5 0.33 -4 -0.4 29.427693 0.2061804 1 -0.140143 1.0660375
15 10 15 5 0.33 -5 -0.5 36.784616 0.192435 1 -0.1635 1.028935
Table B-5 Variation of factor of safety with depth for hydrostatic conditions assuming no contribution from matric suction towards stability
Depth, z Depth to Depth to Height of m=[h,/H] Height above (z,-z)/z, Assumed Components of Factor of Safety Factor of
(m) water table, bedrock, H water water table = pore Te Tf T, safety, F
z, (m) (m) table, h, (z. - z) (m) pressure
(m) (kN/m 2 )
0.1 10 15 5 0.33 9.9 0.99 0 28.865251 1 0 29.865251
1 10 15 5 0.33 9 0.9 0 2.8865251 1 0 3.8865251
2 10 15 5 0.33 8 0.8 0 1.4432625 1 0 2.4432625
3 10 15 5 0.33 7 0.7 0 0.962175 1 0 1.962175
4 10 15 5 0.33 6 0.6 0 0.7216313 1 0 1.7216313
5 10 15 5 0.33 5 0.5 0 0.577305 1 0 1.577305
6 10 15 5 0.33 4 0.4 0 0.4810875 1 0 1.4810875
7 10 15 5 0.33 3 0.3 0 0.4123607 1 0 1.4123607
8 10 15 5 0.33 2 0.2 0 0.3608156 1 0 1.3608156
9 10 15 5 0.33 1 0.1 0 0.320725 1 0 1.320725
10 10 15 5 0.33 0 0 0 0.2886525 1 0 1.2886525
11 10 15 5 0.33 -1 -0.1 7.3569232 0.2624114 1 -0.044591 1.2178205
12 10 15 5 0.33 -2 -0.2 14.713846 0.2405438 1 -0.08175 1.1587938
13 10 15 5 0.33 -3 -0.3 22.07077 0.2220404 1 -0.113192 1.1088481
14 10 15 5 0.33 -4 -0.4 29.427693 0.2061804 1 -0.140143 1.0660375
15 10 15 5 0.33 -5 -0.5 36.784616 0.192435 1 -0.1635 1.028935
Table B-6 Variation of factor of safety with depth for the saturation of a near surface zone of soil [arbitrarily set infiltration depth z,=6m]
Depth, z Infiltration Depth to Depth to Height of m=[h,/H] Height above (z,-z)/z, Assumed Components of Factor of Safety Factor of
(m) depth, z, (m) water bedrock, H water water table = pore safety, F
table, z, (m) table, h, (z, - z) (M) pressure
(m) (m) (kN/m 2)
TC Tf T,
0.1 6 10 15 5 0.3333333 9.9 0.99 -0.490462 28.865251 1 0.327 30.192251
1 6 10 15 5 0.3333333 9 0.9 -4.904615 2.8865251 1 0.327 4.2135251
2 6 10 15 5 0.3333333 8 0.8 -9.809231 1.4432625 1 0.327 2.7702625
3 6 10 15 5 0.3333333 7 0.7 -14.71385 0.962175 1 0.327 2.289175
4 6 10 15 5 0.3333333 6 0.6 -19.61846 0.7216313 1 0.327 2.0486313
5 6 10 15 5 0.3333333 5 0.5 -24.52308 0.577305 1 0.327 1.904305
6 6 10 15 5 0.3333333 4 0.4 -29.42769 0.4810875 1 0.327 1.8080875
7 6 10 15 5 0.3333333 3 0.3 -22.07077 0.4123607 1 0.21021429 1.622575
8 6 10 15 5 0.3333333 2 0.2 -14.71385 0.3608156 1 0.122625 1.4834406
9 6 10 15 5 0.3333333 1 0.1 -7.356923 0.320725 1 0.0545 1.375225
10 6 10 15 5 0.3333333 0 0 0 0.2886525 1 0 1.2886525
11 6 10 15 5 0.3333333 -1 -0.1 7.3569232 0.2624114 1 -0.0445909 1.2178205
12 6 10 15 5 0.3333333 -2 -0.2 14.713846 0.2405438 1 -0.08175 1.1587938
13 6 10 15 5 0.3333333 -3 -0.3 22.07077 0.2220404 1 -0.1131923 1.1088481
14 6 10 15 5 0.3333333 -4 -0.4 29.427693 0.2061804 1 -0.1401429 1.0660375
15 6 10 15 5 0.3333333 -5 -0.5 36.784616 0.192435 1 -0.1635 1.028935
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Table B-7 Variation of factor of safety with depth for an advancing wetting front [arbitrarily set infiltration depth z,=6m]
Depth, z Infiltration Depth to Depth to Height of m=[h./H] Height above (z,-z)/z, Assumed Components of Factor of Safet Factor of
(m) depth, z, (m) water bedrock, H water water table = pore TC Tf T, safety, F
table, z, (m) table, h, (z. - z) (m) pressure
(m) (m) (kN/m2)
0.1 6 10 15 5 0.3333333 9.9 0.99 0 28.865251 1 0 29.865251
1 6 10 15 5 0.3333333 9 0.9 0 2.8865251 1 0 3.8865251
2 6 10 15 5 0.3333333 8 0.8 0 1.4432625 1 0 2.4432625
3 6 10 15 5 0.3333333 7 0.7 0 0.962175 1 0 1.962175
4 6 10 15 5 0.3333333 6 0.6 0 0.7216313 1 0 1.7216313
5 6 10 15 5 0.3333333 5 0.5 0 0.577305 1 0 1.577305
6 6 10 15 5 0.3333333 4 0.4 -29.42769 0.4810875 1 0 1.4810875
7 6 10 15 5 0.3333333 3 0.3 -22.07077 0.4123607 1 0.21021429 1.622575
8 6 10 15 5 0.3333333 2 0.2 -14.71385 0.3608156 1 0.122625 1.4834406
9 6 10 15 5 0.3333333 1 0.1 -7.356923 0.320725 1 0.0545 1.375225
10 6 10 15 5 0.3333333 0 0 0 0.2886525 1 0 1.2886525
11 6 10 15 5 0.3333333 -1 -0.1 7.3569232 0.2624114 1 -0.0445909 1.2178205
12 6 10 15 5 0.3333333 -2 -0.2 14.713846 0.2405438 1 -0.08175 1.1587938
13 6 10 15 5 0.3333333 -3 -0.3 22.07077 0.2220404 1 -0.1131923 1.1088481
14 6 10 15 5 0.3333333 -4 -0.4 29.427693 0.2061804 1 -0.1401429 1.0660375
15 6 10 15 5 0.3333333 -5 -0.5 36.784616 0.192435 1 -0.1635 1.028935
T~.Id U..Q ~ ~ ,-~f fM~,1 1 Ati, ,Ipntl, rnvPn ~ ~dv2n~inG w~4tinc~ fi-nnt causes a rise Ahw2.5 m in the water table
_ 
"~W~Z~ ~ ~ - - _ ___
Depth, z (m) Depth to Depth to Height of Ah, (m) New depth in=[h.IH New Original New pore CornonensofOrizinalFactorof Original Components of Factor of Safety Factor of
water table, bedrock, H water to water mnlh.+Dh.I pore pressure on T, Tr T. Factor of T. Tr T, safety
z, (M) (M) table, h, table (m) /H pressure on failure Safety
(M) failure surface
surface (kN/m2)
(kN/m
2)
1 10 15 5 2.5 7.5 0.3333333 0.5 -66.2123088 -47.8200008 2.8865251 1 4.4145 8.3010251 2.8865251 1 3.18825 7.0747751
2 10 15 5 2.5 7.5 0.3333333 0.5 -58.8553856 -40.4630776 1.4432625 1 1.962 4.4052625 1.4432625 1 1.348875 3.7921375
3 10 15 5 2.5 7.5 0.3333333 0.5 -51.4984624 -33.1061544 0.962175 1 1.1445 3.106675 0.962175 1 0.73575 2.697925
4 9 875 21588 I I .
4t 1 . . . . .. 77 0 . .4 2 18 2 5
5 10 15 5 2.5 7.5 0.3333333 0.5 -36.784616 -18.392308 0.577305 1 0.4905 2.067805 0.57730 1 0.24525 1.822555
6 10 15 5 2.5 7.5 0.3333333 0.5 -29.4276928 -11.0353848 0.4810875 1 0.327 1.8080875 0.4810875 1 0.122625 1.6037125
7 10 15 5 2.5 7.5 0.3333333 0.5 -22.0707696 -3.6784616 0.4123607 1 0.2102143 1.622575 0.4123607 1 0.0350357 1.4473964
8 10 15 5 2.5 7.5 0.3333333 0.5 -14.7138464 3.6784616 0.3608156 1 0.122625 1.484406 0.3608156 1 -0.030656 1.3301594
9 10 15 5 2.5 7.5 0.3333333 0.5 -7.35692319 11.0353848 0.320725 1 0.0545 1.375225 0.320725 1 -0.08175 1.238975
10 10 15 5 2.5 7.5 0.3333333 0.5 0 18.392308 0.2886525 1 0 1.2886525 0.2886525 1 -0.122625 1.1660275
11 10 15 5 2.5 7.5 0.3333333 0.5 7.35692319 25.7492312 0.2624114 1 -0.044591 1.2178205 0.2624114 1 -0.156068 1.1063432
12 10 15 5 2.5 7.5 0.3333333 0.5 14.7138464 33.1061544 0.2405438 1 -0.08175 1.1587938 0.2405438 1 -0.183938 1.0566063
13 10 15 5 2.5 7.5 0.3333333 0.5 22.0707696 40.4630776 0.2220404 1 -0.113192 1.1088481 0.2220404 1 -0.207519 1.0145212
14 10 15 5 2.5 7.5 0.3333333 0.5 29.4276928 47.8200008 0.2061804 1 -0.140143 1.0660375 0.2061804 1 -0.227732 0.9784482
15 10 15 5 2.5 7.5 0.3333333 0.5 36.784616 55.176924 0.192435 1 -0.1635 1.028935 0.192435 1 -0.24525 0.947185
16 10 15 5 2.5 7.5 0.3333333 0.5 44.1415392 62.5338472 0.1804078 1 -0.183938 0.9964703 0.1804078 1 -0.260578 0.9198297
0
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Table B-9 Variation of factor of safety with depth give an advancing wettin front causes a rise Ahw=5 m in the water table
Depth, z (m) Depth to Depth to Height of Ah, (m) New depth m=[h,/H] New Original New pore Components of Original Factor of Original Components of Factor of Safety Factor of
water table, bedrock, H water to water m=lh,+Dh.] pore pressure on T, TI T. Factor of T, Tr T, safety
z. (M) (m) table, h, table (m) /H pressure on failure Safety
(m) failure surface
surface (kN/m2)
(kN/m 2 _
1 10 15 5 5 5 0.3333333 0.666666667 -66.2123088 -29.4276928 2.8865251 1 4.4145 8.3010251 2.8865251 1 1.962 5.8485251
2 10 15 5 5 5 0.3333333 0.666666667 -58.8553856 -22.0707696 1.4432625 1 1.962 4.4052625 1.4432625 1 0.73575 3.1790125
3 10 15 5 5 5 0.3333333 0.666666667 -51.4984624 -14.7138464 0.962175 1 1.1445 3.106675 0.962175 1 0.327 2.289175
4 10 15 5 5 5 0.3333333 0.666666667 -44.1415392 -7.35692319 0.7216313 1 0.73575 2.4573813 0.7216313 1 0.122625 1.8442563
5 10 15 5 5 5 0.3333333 0.666666667 -36.784616 0 0.577305 1 0.4905 2.067805 0.577305 1 0 1.577305
6 10 15 5 5 5 0.3333333 0.666666667 -29.4276928 7.35692319 0.4810875 1 0.327 1.8080875 0.4810875 1 -0.08175 1.3993375
7 10 15 5 5 5 0.3333333 0.666666667 -22.0707696 14.7138464 0.4123607 1 0.2102143 1.622575 0.4123607 1 -0.140143 1.2722179
8 10 15 5 5 5 0.3333333 0.666666667 -14.7138464 22.0707696 0.3608156 1 0.122625 1.4834406 0.3608156 1 -0.183938 1.1768781
9 10 15 5 5 5 0.3333333 0.666666667 -7.35692319 29.4276928 0.320725 1 0.0545 1.375225 0.320725 1 -0.218 1.102725
10 10 15 5 5 5 0.3333333 0.666666667 0 36.784616 0.2886525 1 0 1.2886525 0.2886525 1 -0.24525 1.0434025
11 10 15 5 5 5 0.3333333 0.666666667 7.35692319 44.1415392 0.2624114 1 -0.044591 1.2178205 0.2624114 1 -0.267545 0.9948659
12 10 15 5 5 5 0.3333333 0.666666667 14.7138464 51.4984624 0.2405438 1 -0.08175 1.1587938 0.2405438 1 -0.286125 0.9544188
13 10 15 5 5 5 0.3333333 0.666666667 22.0707696 58.8553856 0.2220404 1 -0.113192 1.1088481 0.2220404 1 -0.301846 0.9201942
14 10 15 5 5 5 0.3333333 0.666666667 29.4276928 66.2123088 0.2061804 1 -0.140143 1.0660375 0.2061804 1 -0.315321 0.8908589
15 10 15 5 5 5 0.3333333 0.666666667 36.784616 73.5692319 0.192435 1 -0.1635 1.028935 0.192435 1 -0.327 0.865435
16 10 15 5 5 5 0.3333333 0.666666667 44.1415392 80.9261551 0.1804078 1 -0.183938 0.9964703 0.1804078 1 -0.337219 0.8431891
Table B-10 Variation of factor of safe with depth given an advancing wetting front causes a rise in the water table all the way to the surface
Depth, z (m) Depth to Depth to Height of Ah, (m) New depth m=[h,/HI New Original New pore Componens of OrizinaI Factor of Original Cornonents of Factor of Safe Factor of
water table, bedrock, H water to water m=[h,+Dh,] pore pressure on T, T, T, Factor of T, Tr T, safety
z, (M) (M) table, h, table (m) /H pressure on failure Safety
(M) failure surface
surface (kN/m')
1 10 15 5 10 0 0.3333333 1 -66.2123088 7.35692319 2.8865251 1 4.4145 8.3010251 2.8865251 1 -0.4905 3.3960251
2 10 15 5 10 0 0.3333333 1 -58.8553856 14.7138464 1.4432625 1 1.962 4.4052625 1.4432625 1 -0.4905 1.9527625
3 10 15 5 10 0 0.3333333 1 -51.4984624 22.0707696 0.962175 1 1.1445 3.106675 0.962175 1 -0.4905 1.471675
4 10 15 5 10 0 0.3333333 1 -44.1415392 29.4276928 0.7216313 1 0.73575 2.4573813 0.7216313 1 -0.4905 1.2311313
5 10 15 5 10 0 0.3333333 1 -36.784616 36.784616 0.577305 1 0.4905 2.067805 0.577305 1 -0.4905 1.086805
6 10 15 5 10 0 0.3333333 1 -29.4276928 44.1415392 0.4810875 1 0.327 1.8080875 0.4810875 1 -0.4905 0.9905875
7 10 15 5 10 0 0.3333333 1 -22.0707696 51.4984624 0.4123607 1 0.2102143 1.622575 0.4123607 1 -0.4905 0.9218607
8 10 15 5 10 0 0.3333333 1 -14.7138464 58.8553856 0.3608156 1 0.122625 1.4834406 0.3608156 1 -0.4905 0.8703156
9 10 15 5 10 0 0.3333333 1 -7.35692319 66.2123088 0.320725 1 0.0545 1.375225 0.320725 1 -0.4905 0.830225
10 10 15 5 10 0 0.3333333 1 0 73.5692319 0.2886525 1 0 1.2886525 0.2886525 1 -0.4905 0.7981525
11 10 15 5 10 0 0.3333333 1 7.35692319 80.9261551 0.2624114 1 -0.044591 1.2178205 0.2624114 1 -0.4905 0.7719114
12 10 15 5 10 0 0.3333333 1 14.7138464 88.2830783 0.2405438 1 -0.08175 1.1587938 0.2405438 1 -0.4905 0.7500438
13 10 15 5 10 0 0.3333333 1 22.0707696 95.6400015 0.2220404 1 -0.113192 1.1088481 0.2220404 1 -0.4905 0.7315404
14 10 15 5 10 0 0.3333333 1 29.4276928 102.996925 0.2061804 1 -0.140143 1.0660375 0.2061804 1 -0.4905 0.7156804
15 10 15 5 10 0 0.3333333 1 36.784616 110.353848 0.192435 1 -0.1635 1.028935 0.192435 1 -0.4905 0.701935
16 10 15 5 10 0 0.3333333 1 44.1415392 117.710771 0.1804078 1 -0.183938 0.9964703 0.1804078 1 -0.4905 0.6899078
Table B-11 Variation of factor of safety with depth for the devlopment of a perched water table [arbitrarily set infiltration depth z,=6m]
Depth, z Infiltration Depth to Depth to Height of m=[h,/H] Height above (z,-z)/z, Assumed Components of Factor of Safety Factor of
(m) depth, z, (m) water bedrock, H water water table = pore Te Tf T, safety, F
table, z, (m) table, h, (z. - z) (m) pressure
(in) (m) (kN/m2)
0.1 6 10 15 5 0.3333333 9.9 0.99 0.7356923 28.865251 1 -0.4905 29.374751
1 6 10 15 5 0.3333333 9 0.9 7.3569232 2.8865251 1 -0.4905 3.3960251
2 6 10 15 5 0.3333333 8 0.8 14.713846 1.4432625 1 -0.4905 1.9527625
3 6 10 15 5 0.3333333 7 0.7 22.07077 0.962175 1 -0.4905 1.471675
4 6 10 15 5 0.3333333 6 0.6 29.427693 0.7216313 1 -0.4905 1.2311313
5 6 10 15 5 0.3333333 5 0.5 36.784616 0.577305 1 -0.4905 1.086805
6 6 10 15 5 0.3333333 4 0.4 44.141539 0.4810875 1 -0.4905 0.9905875
7 6 10 15 5 0.3333333 3 0.3 -22.07077 0.4123607 1 0.21021429 1.622575
8 6 10 15 5 0.3333333 2 0.2 -14.71385 0.3608156 1 0.122625 1.4834406
9 6 10 15 5 0.3333333 1 0.1 -7.356923 0.320725 1 0.0545 1.375225
10 6 10 15 5 0.3333333 0 0 0 0.2886525 1 0 1.2886525
11 6 10 15 5 0.3333333 -1 -0.1 7.3569232 0.2624114 1 -0.0445909 1.2178205
12 6 10 15 5 0.3333333 -2 -0.2 14.713846 0.2405438 1 -0.08175 1.1587938
13 6 10 15 5 0.3333333 -3 -0.3 22.07077 0.2220404 1 -0.1131923 1.1088481
14 6 10 15 5 0.3333333 -4 -0.4 29.427693 0.2061804 1 -0.1401429 1.0660375
15 6 10 15 5 0.3333333 -5 -0.5 36.784616 0.192435 1 -0.1635 1.028935
0~~
Table B-12 Variation of factor of safety with depth for an advancing wetting front [assuming coincidence of failure surface depth and infiltration depth]
Infiltration Depth to Depth to Height of water m=[h,./H] Height above (z.-z)/z, z,/z, Assumed pore Components of Factor of Safety Factor of
depth, z, water bedrock, H table, h. (m) water table = pressure Te Tf T, safety, F
(m) table, z. (m) (z. - z) (m) (kN/m 2)
(m)I
0.1 10 15 5 0.3333333 9.9 0.99 0.01 0 28.8653 1 0 29.865251
1 10 15 5 0.3333333 9 0.9 0.1 0 2.88653 1 0 3.8865251
2 10 15 5 0.3333333 8 0.8 0.2 0 1.44326 1 0 2.4432625
3 10 15 5 0.3333333 7 0.7 0.3 0 0.96218 1 0 1.962175
4 10 15 5 0.3333333 6 0.6 0.4 0 0.72163 1 0 1.7216313
5 10 15 5 0.3333333 5 0.5 0.5 0 0.57731 1 0 1.577305
6 10 15 5 0.3333333 4 0.4 0.6 0 0.48109 1 0 1.4810875
7 10 15 5 0.3333333 3 0.3 0.7 0 0.41236 1 0 1.4123607
8 10 15 5 0.3333333 2 0.2 0.8 0 0.36082 1 0 1.3608156
9 10 15 5 0.3333333 1 0.1 0.9 0 0.32073 1 0 1.320725
10 10 15 5 0.3333333 0 0 1 0 0.28865 1 0 1.2886525
11 10 15 5 0.3333333 -1 -0.1 1.1 0 0.26241 1 0 1.2624114
12 10 15 5 0.3333333 -2 -0.2 1.2 0 0.24054 1 0 1.2405438
13 10 15 5 0.3333333 -3 -0.3 1.3 0 0.22204 1 0 1.2220404
14 10 15 5 0.3333333 -4 -0.4 1.4 0 0.20618 1 0 1.2061804
15 10 15 5 0.3333333 -5 -0.5 1.5 0 0.19244 1 0 1.192435
Table B-13 Variation of factor of safety with depth for the devlopment of a perched water table [assuming coincidence of failure surface depth and infiltration depth]
Infiltration Depth to Depth to Height of water m=[h,/H] Height above (z,-z)/z, z,/z, Assumed pore Components of Factor of Safety Factor of
depth, z, water bedrock, H table, h,(m) water table = pressure Te Tr T, safety, F
(m) table, z. (m) (z. - z) (M) (kN/m 2)
(M)
0.1 10 15 5 0.3333333 9.9 0.99 0.01 0.735692319 28.8653 1 -0.4905 29.374751
1 10 15 5 0.3333333 9 0.9 0.1 7.356923195 2.88653 1 -0.4905 3.3960251
2 10 15 5 0.3333333 8 0.8 0.2 14.71384639 1.44326 1 -0.4905 1.9527625
3 10 15 5 0.3333333 7 0.7 0.3 22.07076958 0.96218 1 -0.4905 1.471675
4 10 15 5 0.3333333 6 0.6 0.4 29.42769278 0.72163 -0.4905 1.2311313
5 10 15 5 0.3333333 5 0.5 0.5 36.78461597 0.57731 1 -0.4905 1.086805
6 10 15 5 0.3333333 4 0.4 0.6 44.14153917 0.48109 1 -0.4905 0.9905875
7 10 15 5 0.3333333 3 0.3 0.7 51.49846236 0.41236 1 -0.4905 0.9218607
8 10 15 5 0.3333333 2 0.2 0.8 58.85538556 0.36082 1 -0.4905 0.8703156
9 10 15 5 0.3333333 1 0.1 0.9 66.21230875 0.32073 1 -0.4905 0.830225
10 10 15 5 0.3333333 0 0 1 73.56923195 0.28865 1 -0.4905 0.7981525
11 10 15 5 0.3333333 -1 -0.1 1.1 80.92615514 0.26241 1 -0.4905 0.7719114
12 10 15 5 0.3333333 -2 -0.2 1.2 88.28307834 0.24054 1 -0.4905 0.7500438
13 10 15 5 0.3333333 -3 -0.3 1.3 95.64000153 0.22204 1 -0.4905 0.7315404
14 10 15 5 0.3333333 -4 -0.4 1.4 102.9969247 0.20618 1 -0.4905 0.7156804
15 10 15 5 0.3333333 -5 -0.5 1.5 110.3538479 0.19244 1 -0.4905 0.701935
1I
Table B-14 Time required to saturate soil to z, [Green & Ampt (1911)]
Infiltration Assumed wetting front Time to saturate soil to
depth, z, (m) suction head, y, (m) z, (h)
0.1 -0.75 6.08
1 -0.75 17.09
2 -0.75 29.88
3 -0.75 43.59
4 -0.75 57.87
5 -0.75 72.53
6 -0.75 87.47
7 -0.75 102.62
8 -0.75 117.94
9 -0.75 133.38
10 -0.75 148.94
Table B-15 Rainfall intensity duration threshold [for z,=6 m]
Mean Duration, (h) Mean Intensity, (mm/h)
1 2581.17
10 258.12
20 129.06
30 86.04
40 64.53
50 51.62
60 43.02
70 36.87
80 32.26
90 28.68
100 25.81
110 23.47
120 21.51
130 19.86
140 18.44
150 17.21
160 16.13
170 15.18
180 14.34
260 9.93
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